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The purpose of this chapter is to explain why the topic was 
chosen and to briefly outline each chapter. 
1.2 .· AIMS OF THESIS 
' . 
I 
The writer has been interested in the subject of gravel piles for 
a number of years and has been suprised at the lack of rational 
design methods. When the.piles are inserted in sand their purpose· 
is mainly one of densification and their effectiveness is usually 
measured by a Dutch Cone Penetrometer with an increase in cone 
resistance as the sand is densified. For clays the above method 
is clearly not applicable and a conservative.approach has generally 
been adopted with regard to the pile length and spacing. 
There appears to be only one paper which is often quoted as a 
design method (Hughes and Withers 1974) and at least one contractor 
used this method as a basis for design (Cementation ·1977). The 
State of the Art was advanced in .1976 when a symposium on ground 
treatment was held. Again the basic design philosophy adopted 
was that of Hughes and Withers, . and numerous case histories 
~ appeared to back up the design approach. 
The writer was therefore interested in formulating a new design 
method which could act as a check on the traditional method. 
Also, it was felt that an understanding of the stress-strain 
behaviour of the pile was needed to fully appreciate the impli~ 
cations of any design met~od. However, prior to the submission 
of the thesis the writer was made aware of work undertaken in 
Australia (Balaam and Booker 1979) which used elastic methods 
to establish the stress-strain behaviour of a pile. This approach 
is valuable as the sensitivity of design to various parameter 
changes can quickly be checked by reference to the numerous graphs 














been reproduced in Ch. 8 of this thesis. 
It is intended that this thesis will act as a concise guide 
to column behaviour and design, as well as to the uses to which 
they may be put. Also,· a new design method is proposed which. 
has been developed from a basic understanding of the stress-strain 
behaviour of a pile. The sequential approach used in developing 
this thesis is outlined in the next section. 
1.3 CHAPTER SUMMARY 
Chapter 2:- traces the developments of gravel piles and the uses 
to which they have been put. The mode of formation is also 
discussed. 
Chapter 3 - deals with three-dimensional consolidation and com-
pares the theories of Biot and ierzaghi. That due to Terzaghi 
is derived from first principles. Methods of solving the 
equations are also given. 
Chapter 4 - looks at the stress-strain properties of sands. 
Various failure criteria are examined as well as such aspects 
as non~linearity, stress dilatancy and the influence of void 
ratio. The chapter serves as a guide to results expected 
during laboratory testing. 
Chapter 5 - briefly examines some aspects of critical state 
theory. The main purpose of the chapter is to show the inter-
relationship between such variables as stresses, strains and 
void ratio. 
Chapter 6 - lists the various laboratory tests undertaken on 
sands and gravels. The results obtained are used to formulate 
a new design method as detailed in Chapter 9. 
Chapter 7 - is intended to show the complex relationship that 
exists between a raft-pile-soil system. The subject is not dealt 
with in depth, but should be sufficient to make the reader aware 













Chapter 8 - can be considered as a State of the Art chapter 
and outlines three design methods which can be used for gravel 
piles. 
Chapter 9 - presents a new design method based largely upon the 
laboratory testing as described in Chapter 6. 
Chapter 10 - concludes the thesis and states what benefit the 













HISTORICAL BACKGROUND AND USES OF GRAVEL PILES· 
2.1 itHRODUCTION"" 
Gravel piles or stone columns have been ~sed to improve 
the bearing capacity and settlement characteristics of land 
' 
fill, sands and clays. The columns consist of compacted 
granular material introduced into the ground by large vib-
rating pokers or the tamping effect of a heavy weight. 
This chapter deals with the history and development of stone 
columns and .the uses to which they have been employed. Comment 
·is also made on the efficiency of such columns and current 
thinking on the usefulness of columns. 
2.2 ·HISTORICAL DEVELOPMENT 
The first recorded use of stone columns for the reinforcing of 
ground occurred ·in 1830 (Hughes and Withers 1974). The columns 
were used to ·reduce the settlements of foundations at an artillery 
arsenal in Bayonne, France. The columns were constructed by 
driving stakes into the soft estuarine deposits. These were 
then withdrawn and the hole backfilled with crushed limestone. 
ft is reported that the col um.ns, which supported a 1 oad of 10 ~N 
each, reduced the anticipated settlements by a factor of four. 
·There are two principle methods of forming stone columns, one 
being with a powerful vibrator termed a vibrofl ot and the other 
by punching stone into the ground by dropping a heavy weight. 
lh .the l930's in Germany the firm of Johann Keller developed the 
·technique which i.s now known as vibroflotation (Keller 1967) and 
in 1937 Keller carried out vibroflotation for a building in Berlin 
·on 7, 5m depth of 1 oose sand (Greenwood 1976). The process i nvo 1 ved 
the in-situ compaction of the ground to form compacted sand columns 
The surrounding soil provided the backfill for the crater formed 











- ·2. 2 -
Compaction of sand by vibroflotation continued and led to the 
develbpment of various other methods such as the Terra-Probe 
for the compaction of sands (Brown and Glenn (1970), James (1973)). 
A State of the Art of various methods of treating foundations 
is given by Mitchell ·(1970) for which various systems can be 
compared, whilst an exercise comparing the merits of vibroflotation 
and compaction piles was carried out by Basoro and Boitano (1969). _-
Once experience had been gained in the compaction of sands the 
field of application expanded from pure ~ands through to stiff 
sands and clayey sands. (Grimes and Cantley (1965), Greenwood (1965)). 
In South.Afr.tea the technique became widely used in the Durban 
area; ·n0tably for the sugar industry (Anon 1965, 1964). In Durban 
.. the-soi.1 treated typically consisted of three types, fine sand 
~; . 
with up to 10% clay, fine si.lty sands.with 10% to 20% clay and 
clayey sands containing 20% to 30% clay. (Webb and Hall 1969). 
During the execution of such work it was found that best results 
were obtaine& if the backfill consisted of material having a 
coarser grain size than that of the ground being treated. Stone 
ccilumns were thus being used in sands. 
\libr9flotation does not densify a clay as jt does a sand, due 
to the damping effect of the clay. However, compacted stone 
columns can be introduced .into the ground by use of the vibroflot 
machine in a .process known as vibro-replacement (see 2.3). Many 
·examples exist in the 1 iterature of thei.r use which range from 
treatment of ·ground for oil tanks (Anon 1965, Bratchell, Legg~tt 
and Simons 1975) to .the stabilization of earth embankments 
.(Cementation 1977, Mckenn_a, Eyre and Wolstenhome 1976). 
As a,n _alternative to the form.ation of columns by vibroflation 
the dynamic consoli.dation method has also been used (Kruger et al, 
1980~ Menard 1979). In a process known as dynamic substitution 
stone columns were punched into the ground by dropping a weight 
' ' . 
·on ~o selected ground. 'The process was used to stabilize the 
foundation of an embankm.ent for a freeway to be built on 
~ompressible ·subsoil. 

































































































































































to form lime columns (Browns and Boman 1979), in which 
the powdered unslaked lime is mixed in situ with soft clay 
using an auger to form-columns up to 10,0m long. The design 
principles used appear to be similar to that used for stone 
columns as well as to the claims for increased bearing 
capacity and reduction in settlement. 
2.3 COLUMN FORMATION 
The formation of a stone column by the vibro-replacement 
process can be seen in the diagrams (Fig. 2.1, 2.2 and 2.3). 
The vibroflot is essentially a long thin walled steel tube 
which is suspended from a crane. The tube contains a set of 
eccentric weights and a drive motor to produce the vibrations 
which are frequently of the order of 50 Hertz. Water or air 
can be jetted out of the tube and so assist in the penetration 
into the ground. 
In Figure 2.1 the vibrator is lowered into the ground and 
radially displcites the surrounding soil. The water jetting is 
not needed in soft. clays but -is used in sand to liquefy' the 
ground and so enable the vibrator to penetrate under its own 
weight. When .the vibrator is removed the hole remains open. A 
stone backfill i.s poured in:to the. hole and by a surging action 
of the vibrator the stone is displaced both radially and downwards 
into the soil until a maximum compaction of the stone is achieyed. 
This process is continued until the ~olumn reaches the surface. _ 
-· 
2.4 COLUMN PERFORMANCE 
.. 
As detailed in later sections, a loaded column bulges and develops 
the passive resistance of the soil for its support. Also, the 
c6lumns act as large sand drains and hasten the consolidation 
of the soil. (Typical bearing volumes for columns in clay are 
150 kN/m 2 ). However, it has been suggested that the actual improve-=-. 
ment of the ground by the introduction of the columns is not as 
great as made out in the technical literature. The reasons are 
that the action of the vibroflot can cause considerable remoulding 










ducing a smear zone around the column so causing a reduction 





.. , . " 
Stone columns have been used since 1830, but it is 
only since the 1930's that the techniques used today 
were developed • 
Stone columns have been used for a variety of found-
ation problems as well as· stabilizing earth embankments. 
3. Columns are generally· formed by the process of vibro-
replacement, although dynamic techniques also exi.st. 
















It has long been recognised that both the rate and amount of 
settlement predicted by conventional laboratory tests differs 
from that actually occuring in practice. The reason is that a 
lateral as well as vertical pore pressure dissipation occurs. 
This is particularly so if vertical sand drains, or gravel 
piles, are used which have the effect of rapidly increasing 
the rate of settlement. The one dimensional consolidation theory 
is clearly not applicable to such a case. 
This chapter derives the three dimensional equations of consol-
idation as -proposed by Terzaghi and compares.it with the more 
mathematically correct method of Biot. The equations can be 
solved by using finite difference methods which are especially 
useful for irregular boundary conditions. Alternatively, it 
is perhaps quicker and easier to use the consolidation curves 
_derived by Barron._ 
3.2 THE THREE DIMENSIONAL THEORIES OF BIOT AND TERZAGHI. 
Terzaghi has shown that one dimensional consolidation is governed 
by the following relationship: 
2 
-~ = CvM 
at a z·-
( 3. 1 ) 
Howev·er, in practice it is found that the rate of consolidation 
is usually greater tha~ that derived from the above eqn. Horiz-
ontal as well as vertical pore press~re distribution must there-
for have taken place. This has been established by field trials 
in which differing coefficients of consolidation have been 
measured in the horizontal and vertical directions (Murray 1976). 
A more realistic app~oach would therefore be to use a three 













sand drains where the -horizontal drainage is greater than the 
vertical drainage. 
Three dimensional theories for consolidation have been developed 
by both Terz~ghi (1925, · 1944) and Biot (1941). That due to 
Terzaghi is a simple diffusion approach later developed by 
Rendulic (1936) and an extension of the one dimensional theory, 
whilst that of Biot relates displacements to pore water pressures. 
A comparison of the two theories has been ·carried out by Cryer 
(1963) who shows that for a sphere of soil hydrostatically 
loaded the two theories predict qualitatively similar volume 
changes, but the prediction for the water pressure at the centre 
of the sphere differ considerably. Terzaghi's theory predicts 
that the water pressure will initially decrease, while the 
Biot theory predicts that the water pressure will increase 
,. 
initially. The pore pressure rise has been termed the 
·Mandel-Cryer effect after Mandel :(1957) and Cryer (1963) and 
experiments have confirmed that the effect does occur for over-
consolidated soils. For this reason it has been deemed more 
accurate to use the equations due to Biot (Christian 1977, 
Davis and Poulos 1972, Barron 1972); although it is mathem-
atically more complex. For most purposes however, the diffusion 
approach based upon the Terzaghi-Rendulic equations has proved 
adequate (Gibson and McNamee 1963, Murray 1974). 
DERIVATION OF TERZAGHI 'S THREE DIMENSIONAL EQUATIONS. 
In deriving the three dimen~ional equations of consolidation 
the same basic assumptions as the one dimensional case apply, 
viz: 
1. The soil is fully saturated. 
2~ The water and soil particles are incompressible. 
3. The volume change is small compared with the initial 
volume of the soil. 













' 5. The permeabilities kx, ky and kz are constant over 
the relevent ranges of effective stress in each direction. 
Consider the element ~s shown in Fig. 3.1, where the flow has 
different velocities in the x, y and z directions. Thus vx, 
Yy and vz are the velocity components at dx/2, dy/2 and dz/2 
from the point with coordinates x, y, z. 
The flow· per unit of time into. the element is: 
q = { vx ':"' a v dx } dy dz + {v .- avy dy }. dx dz + 
· a x~- 2 · Y ay T 
{ v - a v dz } dx dy . z -;fZZ 2 (3.2) 
and flow out of the element i~: 
(3.3) 
The change of volume is the difference between the flow into and 
out of the elem nt, q' - q. 
A's the volume change is sma 11 : 
-1.Y_ = {_.av x + ~ + ~--} dx dy dz 
at "ax ay az · 
lffV; = total volume of the solid particles 
V = volume of soil 
e . = void ratio 
then V = Vs(1 + e) = dx dy dz 














a v =· vs a e 
TI <ft-
Now, V = constant = . 1 s 
1+e 
(3.6) 
dx dy dz (3. 7) 
Thus, combining eqns. (3.6) and {3.7), the rate of volume 
change is: 
av = ~ dx dy dz (3.8) 
at 1 + e at 
Equating eqna. (3.4) and (3.8): 
~ = { ( 1 . + e) a v x + av Y + ~z ·} 
a t _ ax ay az _ 
'(3.9) 
From the assumption that Darcy's law is valid for anisotropic 
soils: 
vx = k au -x ax Yw 
Vy= ~y au 
Yw ay 
V = k ')u 
z -z ~z 
Yw 
(3.10) 
Differentiating etjn. (3.1Q) with respect to x, y and z and 
substituting in eqn. (3.9) gives: 
2 2 2 
a e = ( 1 + e) { kx a u + k a u + kz~ } 
at Yw ax.a · Y a y2 a z2 
Now, a o ' + µ o = a 11 + µ 
or a' = ao 1 + µo - l1 
where a-0 1 is the initial value of effective stress 
a• is the effective stress at time t 














If a total stress increment is applied instantaneously, µo 
is independent of time. 
Differentiating eqn. (3.12) with respect tot gives: 
(3.13) 
As an increase inowill give rise to an equal decrease inµ: 
a e = - ae 
aa• Tµ 
Also, - ae 
ao' 
where a··= coefficient of compressibility . v 
mv = coefficient of volume change. 
and substituting into eqn. (3.14) : 
a = ae v -aµ 
Since ae = 
at 




a aµ = m (1 + e)aµ 
vat v . at-




2 2 2 
1 {kaµ+ k aµ+kaµ 
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z ~ z 
Clvx dx ----vx•-·-()x 2 
I 
: avz dz 
v--·-z az z 
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az 
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3.4 THE FINITE DIFFERENCE-METHOD OF SOLVING THE CONSOLIDATION 
EQUATION. 
The consolidation equations of Biot are more readily solved 
using finite element methods, whilst that due to Terzaghi 
readily lends itself to a solution by finite differences (Gibson 
and Lumb 1953). For a gravel pile the domain of influence can 
be considered to be circular (Balaam and Booker 1979) and can be 
likened to a cylinder permitted to drain freely from all its 
surfaces. 
Eqn. (3.17) can therefore be rewritten in cylindrical coordinates 
to give: 
(3.19) 
Values of pore water assigned to each node of the finite diff-
erence network are shown in Fig. 3.2, with coordinates rand z 
occupying the plane of the paper. 
The finite difference equations can be derived as follows: 
Using forward difference at time to 
aµ Uoto + t' - Uoto 
at ---- t (3.20) .. 
Using central difference: 
()2µ = U3~ - Uo + U1 (3.21) 
fi2. h2 
()2µ = U2 - 2uo + U4 (3.22) 
Tz2 h2 












If p = r 
ar 
- 3.8 -
B = c · t and ar = az = h 
-vh2 
Then eqn. (3.19) can be rewritten to give: 
+ u~ - 4uot + (u1 - U3)}+ Uoto 
. 2p 
(3.24) 
This can be further simplified (Ros~ 1954) if B is made equal 
to 1/4, so eliminating the u0t 0 term. The pore pressure can 
thus be found at any point within the clay mass. 
Eqn. (3.24) will apply for piles unde~ the centre of the raft 
·where· the drainage is assumed to be equa 1 for each pile. However, 
at the edge of a raft supported by piles the boundary conditions 
change. This can be overcome by using a system of Cartesian 
coordinates in three dimensions as shown in Fig. 3.3. 
The finite difference equations for Cartesian coordinates have 
prev·iously been derived (Jones 1978) to give: 
Uoto + t = B( U1 + U2 + U3 + u~ + Us + UG - 6uo) + Uo (3.25) 
I 
where B = 1/6 to eliminate the uo term. 
Equations (3.24) and (3.25) have been applied to an isotropic soil 
which is rarely the case _in practice but these can easily be 
extended to anisotropic soils where Cvx - Cvy ~ Cvz 
The above equations become unstable if the value of t is too large 
and convergence i.s not reached. It is often convenient to use a 















RATE OF CONSOLIDATION 
The rate of consolidation is found by using the relevent time 
I 
factor Tv and Tr, where: 
Tv = C t and Tr = Crt · 
·rN"><" n..,.... 
H "' . I\ "' 
which is equated with the pore pressure dissipation Uv% and Ur% 
respectively. The accuracy will depend upon the intervals into 
which the sample has been divided. A series of curves can thus 
be drawn up for the time facto~ against the degree of consolidation 
and the time for radial or vertical consolidation found in the 
·usual way ( Terzaghi and Peck 1967 ). 
It has been shown by Carrillo (1942) that the average degree of 
consolidation 0 is given by: 
0 = 1 - (1 - Or)(1-0v) (3.26) 
DRAIN WELLS 
A gravel pile can be considered to be an enlarged sand drain 
so the above computations can be minimized if recourse is made 
to the work of Barron (1948), where a series of curves relating 
consolidation rates and time factors have been produced. The 
graphs have been ~erived using the Terzaghi - Rendulic equati6ns, 
although not using finite'-difference methods. The writer has 
previously shown that good agreement exists between the degree of 
consolidation obtained from the finite-difference method and that. 
due to Barron (Jones 1978). 
For most practical purposes it is thus more convenient to use 
the work of Barron, although the finte-difference method is 
especially useful where the boundary conditions are irregular 
such as the edge points under a raft supported by piles. 
The thickness of the half layer H being drained has an influence 














ical drainage being greater when H is smaller. Thus, drain 
efficiency increases as the vertical thickness increases and 
Christie (1959) showed that their presence is only really just-
ified where H is greater than 5 metres. Also, Richart (1957) 
has shown that drain spacing is more important than drain diameter 
in determining the rate of consolidation. 
Barron has used two approaches in deriving his solutions, namely 
that of free strain and equal vertical strain. For equal 
vertical strain the assumption is made that the load is uniform 
over the area of influence, with differential settlements 
having no effect on the redistribution of stresses due to arching. 
For free strain it is accepted that the soil closest to the drain 
consolidates faster than that further away and so develops shear 
strains within the soil and results in a1surface differential 
settlement and a redistribtuion of load. For a rigid raft the 
free strain approach is in closer· agreement with the Biot theory 
than the equal strain approach (Balaam and Booker 1979), as 
shown in Figs. 8.7 to 8.11. 
SMEAR ZONE 
Barron has made allowances for the effects of smear on the inter-
face betweenthe sand drain and clay. Such an effect will also 
occur in gravel piles as the soil undergoes considerable remoulding 
during the insertion of the gravel and thus reduces the rate of. 
consolidation. Also, attention should be paid to the grading 
of the gravel so that the 'pile does not readily get blocked and 
so cease to function as a drain. 
SUMMARY 
1. The Biot theory of consolidation is a.more accurate method 
than that of Terzaghi. 
2. For most practical purposes the Terzaghi method is adequate. 
3. The Terzaghi three dimensional equations can be derived 













4. The finite difference method can readily be used to solve 
the consolidation equations. 
5. The degree of consolidation is found in ~similar way 
to that used for one dimensional consolidation. 
6. It is generally more convenient to use the work of 
Barron {1948) for calculating the degree of consolidation 
than use the finite-difference method which is very time 
consuming. 
7. A smear zone is usually developed at the drain-clay 
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CHAPTER 4 
STRESS - STRAIN PROPERTIES OF SAND 
4.1 INTRODUCTION 
An understanding of the stress - strain relationship of stone 
columns can be had if the fundamental b~haviour of sands is 
appreciated. This chapter looks at such behaviour and 
examines failure criteria, stress dilatancy and the non-linear 
behaviour of sands. Consideration is also given to soil as 
a particulate. system as well as the choice of testing method 
which has an influence on the soil behaviour. 
4.2 PARTICULATE ANO CONTINUUM SYSTEMS FOR -SOILS 
In the true sense of the word soils are particulate materials, 
although for the majority of purposes they can be considered 
as a continuum. For a particulate system stresses and strains 
between indivi.d.ual particles need to be considered, and such 
stresses can vary enormously for different particles within a 
soi.l mass~ for the same overall ·applied stress, the inter-
parti:cle.stress i.s governed to some extent by the particle 
size (Lambe an<;I: Whftman 1969) •.. The overall applied stress 
actfng as a contimious stress distr.i.bution could thus be 
thought of ~s a .statistically mean v~lue averaged over a 
sufficfently. large area. 
The 'high conta,ct stresses .can cause parti.cle breakage and cons-
equent change fn gradation. The redistribution of stress that 
then occurs can ~ave an affect on the strength of the material, 
as shown by the flattenfng of the Mohr - Coulomb envelope 
.at 'high stresses •. Tiii:s is of particluar importance in earth 
dam.s. 
·4.3 FAILURE CRITERIA 
The three principle failure criteri.a as described below, have 













intermediate and minor effective principle stresses are given 
0 I • 
3 
The three criteria are: 





1 a { 
Extended von Mises: 
} 





) + (02 1 - 03 1 ) + (03 1 -01 1 ) 
2· 2 





It should be noted that in axial compression where 021 = 03 1 
the extended Tresca and extended von Mises both reduce to: 
I I { I 2 I} 01 - 03 = a. 01 + 03 
'.· ~-·· 
(4.4) 
and in extension where 02 1 = 01 1 
o 1 1 - o 3 1 = a { 2o i 1 + a 3 1· } 
.3 
(4.5) 
since a is equal in both cases. 
The validity or otherwise of each of the above criteria has 
clearly been demonstrated (Bishop and Green 1969), whereby the 
influence .of the i.nterrnediate principle stress is plotted 
against friction angle (Fig. 4.1) •. It can be seen that the 
extended von Mi.ses and extended Tresca have very limited range 
for whi.ch the criteria are valid, whilst that of the Mohr -
Cou1omb is i.n very close agreement. 
The validity of the Mohr - Coulomb criteria is again seen by 
plotting all three in principle stress space (Fig. 4.2). Both 
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FIG. 4.1 OBSERVED AND PREDICTED VALUES OF {t5' 
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effective stress space, which indicates tension which is 
not possible for a cohesionless soil. 
From a consideration of the above it is clear that the Mohr 
Coulomb gives the best representation of soil behaviour. 
STRESS - STRAIN RELATIONSHIP 
A consideration of the results of drained triaxial tests on bott 
dense and loose sands shows noticeable differences in behaviour 
(Bishop and Henkel 1957). Dense sands exhibit high strengths 
at relatively low axial strains and show a distinct peak stress, 
with_ a marked decrease in stress with increasing strain until 
a residual value is reached at large strains. For loose sands 
a well defi.ned failure poi.nt is not reached, with the stress 
remaining essential1y constant with increased strain once the 
maximum stress value is reached ( Fig. 4.3). It is noticeable 
that the resi:d.tHil va,lue of stress i.s approximately the same for 
both loose and dense samples of the same sand. 
In a drained triaxial test a dense sample of sand expands in 
volume whereas a loose sand initially decreases in volume only 
to later expand to a volume equal to that of its initial volume. 
For a dra i.ned test the shape of the stress - strain curves are 
essentially the same as that of undrai.ned tests, but neg9tive 
pore pressures are c,te'l(eloped i:n the dense sample as it dilates 
(see 4.7), whi:1st posftive pore pressures are developed in the 
loose samples. 
The abo\!e patterns of betHivi.our bear a strong resemblance to 
that of clays wtt11 the dense samples corresponding with that of 
overconsoli:ctated clays, and the loose samples with that of 
norma'l'ly consolidated· clays. 
4.5 NON-LINEARITY IN SOILS 
The stress - strain ·curves as described in paragraph 4.4 show 
that the soi.l ts 1 i.nea_r for oril y a ltmited port ion of the curve, 























AX I AL S TRA IN 
FIG. 4. 3 STRESS STRAIN BEHAVIOR . OF LOOSE AND DENSE SANDS 
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FIG. 4.4 HYPERBOLIC REPRESENTATION OF STRESS STRAIN CURVES 













although it has often been idealised as linearly elastic, 
notably in problems of stress distribution. A simplified 
non-linear relationship has been given by Duncan and Chang 
(1970) based on work by Koridner(l963) who found that the 
stress - strain curves or both clay and sand can be approx-




where 01 and 03 are the major and mi.nor principle stresses 
e: :is the axial strain 
a· and b are constants. 
The values of 1 a 1 and 1 b1 are obtained as sho n in Fig. 4.4. 
The parameter 1a 1 is the reciprocal of the initial tangent 
modulus Ei , whilst 1 b1 is the reciprocal of the assymptotic 
stress difference which the stress· - strain curve approaches 
at infinite strain. 
The assymptotic value of (01 - as) is larger than the compress-
ive stress at failure with the two values being related by a 
common factor Rf where: 
Rf = ( ai - as) failure 
( a i. - a 3) u 1 t ir:na te 
(4. 7) 
Typical values obtained by Duncan and Chang are between El,75 
and 1,0 which compare with! o,eqfor a sand and:to,n for a gravel 
as tested by the author. 
Equation (4.6) can now be· rewritten to give: 
(4.8) 
The initial tangent modulus Ei has been related to the confining 
pressure by Janbu to give: 












where K = a modulus number 
pa = atmospheric pressure 
n = exponent determining the rate of variation of Ei 
with d 3. 
Values of .K and n are found by plotting Ei against 03 on a 
log. - ldg. scale, and obtaining a best fit straight line to 
give: 
K = intercept on Et axis 
n = logo·k~-) where Ei corresponds to stress level 03. 
(N:B. it is conveninet to choose 03= 10) 
It was found. by the author that a mi.nimum of four points need 
. . 
to be plotted to give a degree of confidence to the results. 
The Mohr-Cou1omb fai.lure criteria can also be incorporated to 
give: 
( ot-03)f. = 2c cos¢ + 2 03 si.n ¢ 
1 - sin ¢ 
(4.10) 
A more general model can be developed which i.nvolves the tangent 
modulus Et at any stress condition, thus.: 
Et = · 1 - Rf· U. · ~ sin ¢? <. o i ~ o 3 ) 





The tangent mtidulus is obtained from a multilinear model by 
using an incremental rather than a bi.~linear approach (Desai 
and Christi.an 1977), ·but thi.s d·oes mean that a simulati.on 
past the peak stress va:lues results in a negative va.lue of 
mod.Lil us. 
4.6 FRICTION ANGLE 
The . fri.cti.on a.ng1 e obta,fned i.s very much dependent upon the 












sands tested in plane strain exhibit diff~rent friction 
angles from those tested triaxially (Cornforth 1964, Rowe 
1969). Although the triaxial testing apparatus is perhaps 
the most widely used testing equipment the test has its 
shortcomings (Parry 1956} and Roscoe (1970) pointed out that 
the knowledge of stress - strain behaviour of soils would be 
restricted if work was only confined to axi-symmetrical 
triaxial test. 
The work of Parry concerned the testing of two identical samples 
of clay. In one test the cell pressure was kept constant 
whilst the axial pressure increased and in the other test the 
axial stress was kept constant while the cell pressure was 
reduced. Both samples had the same peak stress ratio at failure 
and hence the same friction angle, but this was developed at 
vastly different values of strain (fig. 4.5a). 
A similar occurrence has been reported by Lade (1978) who 
showed that, depending upon the shape of the effective stress 
path, the maximum deviator stress could either be reached 
before or after the principle stress ratio. Bishop (1971) 
using data from Castro (1969), showed that for a saturated 
• 0 
loose sand an effecti.v.e friction angle of 16, 1 was calculated 
. . 
on the basis of maxi:mum devi:ator stress, but a va 1 ue of 30° 
obtained usi:ng the maximum pri:nciple stress ratio (Fig. 4.5b). 
. . . ~ 
The test method used~ to estabHsh the working value of friction 
angle must be relevent to'the project in hand to obtain 
consistent r~su1ts. 
4.7 STRESS OILATANCY 
It has already been s'hown that loose and dense samples of the 
same sand behav.e di:fferent1y during shear. The expansion of a 
dense sand When sheared was first observed by Osbourne Reynolds 
in 1885 (Rowe 1969), and he applied the name dilatant to such 
beha.vfour . Thi.s phenomena 'has si.nce been extensively studied 
(Taylor ·1948, Bi:shop 1950, . Rowe 1962) and expressions have 
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The principle of dilation can be understood by considering 
the following analogy ~s detailed by Atkinson and Bransby (1978). 
This considers a block resting on a rough plane acted upon by 
a vertical force P and a sideways force Q. For sliding to 
occur, Q must be increased to µP (where µ is the coefficient 
of friction). 
If the block is considered to be a block of sand, then 
-r' = µ'cr (4.12) 
and if it is now assumed to be serrated, the horizontal force 
will cause a small horizontal movement 6u and a vertical move-
ment 6v, where 6v/ 6u = tan <t> (Fig. 4.6). 
The relationship between P and Q during sliding is obtained by 
summing the normal forces N and shear forces S on the planes of 
contact to give : 
N = P cos a. + Q sin a. 
S = - P s i na. + Q cos a. 
since S = µN 
Q - P tan a. = µ P + . µ Q tan a. 
substituting for tan a. 
Q = µ + ( 6 v/ 6u) 




If a stack of serrated(:.blocks of total height H are now cons-
idered to be acted upon by a shear force -r'A and a normal force 
cr'A, the ratio ov/H is equal to the vertical strain in the 
sand, which in turn, is equal to the volumetric strain 
OEV since the horizontal strain is zero. Also, the shear 
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µ - ( o £ v I o y yx) 
1 + µ ( o £ v 7 o yx J 
(4.16) 
which relates shear and normal stresses to a frictional constant 
and volumetric and shear strains. 
From a consideration of the work done to the system by a hor-
i zonta 1 displacement of , ..ou, the net work involved is: 
If it is assumed that this work is dissipated in friction, and 
is proportional to the frictional constantµ, the normal 
force cr' A and the shear displacement au, then: y 
(4.18) 
or T' /cr' =µ+ (ov/ou) yx y 
The above equations show that during shear
1
work is done in 
overcoming both friction and volume change. As the ratio 
T' I a' increases the greater will be the dilation of the yx Y 
sample. This explains the behaviour of dense sand with a high 
degree of interlocking ( c.f. serrated block model), where 
more work is required for the system to shear, thus resulting 
in high values of T'yx/cr;and he~ce higher dilation values. 
A practi.cal implicati.on of t_he effects of dilation can be gained 
by considering the stress dilatancy equation for compression as 
given by Rowe (1969) ~ 
R = DK (4.19) 
where R = · a i. 'I a 3 ' 
D = ·(1 ,;.. dv/d.£) and v· is the volume decrease per unit volume. 
£ ·fs the major principle compressive 
strain. 
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µ - ( o Ev / oy y) 
1 + µ ( o £ v I o yx ) 
(4.16) 
which relates shear and normal stresses to a frictional constant 
and volumetric and shear strains. 
From a consideration of the work done to the system by a hor-
izontal displacement of, .. ou, the net wor:-k involved is: 
If it is assumed that this work is dissipated in friction, and 
is proportional to the frictional constant µ, · the normal 
force cr' A and the shear displacement ou, then: y 
or 
= µcr. Ao u ·y 
-r' /cr' =µ+ (ov/ou) yx Y 
(4.18) 
The above equations show that during shear,work is done in 
ov~rcoming both. friction and volume change. As the ratio 
-r'yx/ cr'y increases the greater will be the dilation of the 
sample. This explains the behaviour of dense sand with a high 
degree of interlocking ( c.f. serrated block model), where 
more work is required for the system to shear, thus resulting 
in high values of -r' · 1a'J1 and hence higher dilation values . . yx . . 
A practical implication or· the effects of dilation can be gained 
by considering the stress dilatancy equation for compression as 
given by Rowe (1969): 
R = DK (4.19) 
·where R = · a i 1 J a 3 1 
D = {1 ~ dv/d£) and v ts the volume decrease per unit volume. 
£ ·fs the major principle compressive 
strain. 
' 2 
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Horne {1965) showed that for triaxial compression 
1 ~ D ~ 2 
The upper limit for sand in its densest state is thus: 
(4.20) 






3 =tan. {45 + ~cv/2) {4.21) 
The value of ¢f varies between a lower value of <Pu , the 
friction angle between mineral particles and an upper value 
<ficv at the critical state, but for the densest state at the 
peak stress ratio <Pf= <fiu· 
By rearranging eqn. 4.20,_ the vertical stress that can be 
sustained by a sample is thus: 
2 
{4.22) 01 1 = 203 1 tan 




1. Although particulate in nature, sands can be considered 
to be a contiriuum. 
2. The Mohr-Coulomb failure criteria best represents the 
failure conditton of sands. 
3. Dense sands dilate during shear and generate negative 
pore pressures, whilst loose sands compress and develop 
positive pore pressures. The behaviour of sands can thus 
be 1 ikened to tha.t of clays. 
4. The non-li.near behav·iour of soils can be approximated 












5. Values of friction angle obtained in plane strain or 
triaxial tests differ. The method of test and the stress 
path followed ~uring a test influences the value of 
friction angle obtained. 
6. The dilatant behaviour of sand can be modelled by 
analogies with sliding blocks. The work done during 














CRITICAL STATE THEORY 
5.1 INTRODUCTION 
Non-linearity was dealt with in Chapter 4. The aim of this 
chapter is to serve as a brief introduction to critical state 
theary, an alternati.ve way of looking at non-linearity in 
soils. An appreciation of the cri.ti.cal state theory gives as 
insight into the interdependence of such variables as void ratio,· 
·volumetric strain, total and effective stresses, . and should 
thus give a better understanding of the deformation behaviour 
of a stone .co 1 umn under 1 oad. 
It is not intended to outl i.ne the theory and derivation of 
equations in detail as this has be~n adequately covered in the 
defini:tive work on .the subject by Scholfield and Wroth (1968) 
and more succinctly by Atkinson and Bransby (1978). 
5.2. THE NORMAL CONSOLIDATION LINE 
ff a sample of clay is isotropically compressed and the specjfic 
volume u is plotted against ln p' where p' = 1/3 (01+.02 +03) 
and 01 = 02 = o 3 then the curve wi 11 fol low the line AB in 
Fig~ 5.1. Upon unloading the swelling line BD is followed. If· 
the sample is again compr~ssed to a higher loading than previously 
and again unloaded, the path will follow the swelling line DB 
until pofot B is reache.d, continue to point C and then swell along 
1 fne ·CL 
·It can be seen that line AC acts as a boundary line between poss-
i:ble and·impossible states and can be termed a state boundary 
surfate. Also,. the swelling lines DB and CE are parallel. AC 
is .the normal consolidation line whilst those of DB and CE are 
ov·erconsol idation 1 ines. 



















' ' ' ' ' 
l n p' 
Normal and overconsolidation lines for 
isotropically compressed c~ay. 
The critical state line in v:ln p' space. 
















For AC, u = N - A. in p' ( 5 .1) 
and DB U = U - K ln p' K. (5.2) 
where N is the specific volume of a normally consolidated soil 
when p' = 1,0 kN/m 2 and 
uK is the specific volume of an overconsolidated soil at 
p' = 1 ,0 kN/m 2 • 
It should be noted that for sands both A. and K are very small 
and thus difficult to measure. Also, the normal consolidation 
line is only reached at relatively high stress levels so that 
most sands are generally overconsoli.dated at normal engineering 
stress levels. 
THE CRITICAL STATE LINE 
It has been shown by Parry (1960) that for isotropically compressed 
samples of Weald clay, the ailure points of both drained and 
undrained samples lie on the same line when plotted on a q':p' 
diagram ci:.;8n [.cr i - as) ) and on a 1 i ne para 11e1 to the normal 
consolidati.on lin·e when plotted in v :p' space. (Fig. 5.2) 
Such a line i.s termed the .crfti:cal state line and is a function of 
q' , p' and v . 
If projected onto the q':p' .plarie the equation of the line is 
q'. =Mp' 
where M i.s the gradient. 




5.4 THE ROSCOE SURFACE 
The Roscoe surface is a state boundary surface forming a unique 
curved surface between the normal consolidation line and the 
critical state line when plotted in the three dimensional q':p':u 
space. Thus, a sample starting from the normal consolidation line 













critical state line, irrespective of the stress path followed. 
THE HVORSLEV SURFACE · 
The Hvorslev surface can be thought of as a state boundary 
surface for overconsolidated samples similar to the Roscoe 
surface for normally consolidated sample?. The existence of 
such a surface can again be seen by plotting data from Parry 
in q'/p'e :p'/p'e space, where Pe' is the equi~alent stress 
at any specific volume and is equal to exp { (N - u)/;\}. This 
is shown in Fig. 5.3, as is the line of ~ensile failure of 
slope 3 which intersects the Hvorslev surface. 
The complete state boundary surface is shown diagramatically 
in q':p':u space in Fig. 5.4. 
· 5.6 CAM-CLAY MODEL 
Two important mathematical models were developed at Cambridge, 
notably that of Granta-gravel and Cam-clay. Granta-gravel is a 
concept~al model of an ideal rigid /plastic continuum whilst that 
of Cam~clay is perhaps a more useabJe ~odel in that it is an ideal 
·elasti~/plastic continuum. In fact, ·it can be shown that Granta~~~ 
gravel is just a special case of Cam-clay. 
Two types of strains occur upon loading a sample, elastic strains 
which are wholly recoverabl~ and ~lastic strains which are non-
recoverc1ble. lf strains are elastic only, then deformations tend 
to be small whilst deformations are significant if plastic strains 
occur. Using the critical state model and the concepts of state 
boundary surfaces i:t has been found that plastic deformations only 
occur whi:lst the state boundary surface is being traversed, and 
below the state boundary surface only elastic strains occur. 
For the Cam-c1ay model the state boundary surface is given by 
q'. = ~ ( r + J.- K-u->Jnp') (5.5) 
. .A-k 
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Fig. 5.3 The Hvorslev Surface in q 1 /pe' p'/pe' space. 
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- 5.6 '." 
u =r + :\-K -:\lnp 1 - (:\ -K)q' 
Mp' 
whi eh on di fferen.t:; ati:ng .g·i ves: 
(5.6) 
OU=;\ §2.' - (;\-K°) 09 1 + (:\-K)r op' (5.7) 
p 1 Mp' Mp' 
The change in specific volume ou is made up of both the elastic 
and plastic change oue: and ouP respectively. 
The elastic change of volume is: 
oue =-K(op'/p') 
hence the plastic change of specific volume is 




and the plastic volumetric strain is thus 
ot:P. = -ovP . v .. ·.-u_ 
and the elastic volumetric strain is 
0£~ _KOp 1 





The use of the Cam-clay theo·ry gi.ves a complete relationship 
for any soil and allows stresses, strains and pore pressures 
to be. calculated· at any point during the stress history of the 
soil. 
5.7 COMPARISONS WITH OTHER FAILURE CRITERIA 
' 
Although v~luable as a means of understanding the behaviour of 
soils, serious doubts have been expressed about the validity of 
some of the basic ~quatfons, notably eqn. 5.3, ~s this suggests 












previously been shown in Chapter 4 that this can result in a 
failure surface passing into negative effective stress space 
which is impossible for a cohesionless material. 
5.8 OTHER NON-LINEAR METHODS 
A mathematical soil model has been proposed by Prevost (1979) 
which again allows for the plasticity of the soil. In this 
case the yield surfaces plot as ellipses, with failure occuring 
only when the yield condition reaches its ultimate limit state. 
Although differing in concept from that of critical state there 
are strong similarities.in tha logic of both system~. It is 
interesting to note that Prevost's model has remarkable agreement 
between theory and measured results, although it is based upon 
the transformed von Mises failure ciiteria. 
- . 5. 9 · SUMMARY 
1. The normal consolidation line, the critical state line, 
the Roscoe surface and the Hvorslev surface can be com-
bined to form a complete state boundary surface. 
·2. Plastic strains only occur whilst the state boundary 
surface is being traversed. Elastic strains occur at 
.all poi.nts below thi.s. _ 
· 3. The Cam.-:clay mode1 ·provi.des a means of calculating 
vtilumetric.strains at any stress level. 
4. Some aspects of the criti.cal state theory are aki.n to the 
extended Tresca .fa. i1 ure criteria. 
5. A non-linear method posed by Prevost shows good agreement 
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CHAPTER 6 
LABORATORY TESTING OF SANDS 
6 .1 INTRODUCTION 
Chapter 4 looked at the general stress-strain. properties of 
sands and the various failure criteria which have been used to 
explain their behaviour. This chapter has concentrated on the 
laboratory testing of sands and gravels pertaining to this thesis, 
and concentrates on such aspects as stress paths, radial stress 
and strain and the significance of void ratio upon behavi-0ur. A 
new dimensionless relationship between stress and strain is also 
established. 
6.2 TESTING METHODS 
The tests were carried out using conventional triaxial testing 
apparatus, and relate to the use of a 1,5 ins (37,5 mm) triaxial 
cell. A slight modification was used for one series of tests in 
which a special plunger was used to enable a static load to be 
applied vertically, ra her than using the load frame of the 
triaxial machine. 
Three types of tests were carried out viz~ (a) Isotropic 
Compression, (b) Failing the sample by reducing cell pressure 
cr3, and (c) Failing the sample by increasing the deviator stress. 
In each case two materials were used, a well rounded uniform 
density sand,&~a.ffoe. angular gravel of size >4,75nm and <6,7 mm. 
The sand presented few difficulties, and it was relatively easy 
to produce samples of approximately the same void ratio. The 
gravel, however proved more difficult due to the non-uniformity 
of particle shape, whilst the extreme angularity of the particles 
frequently resulted in puncturing of the rubber membranes even at 
modest values of stress and strain. 
The main types of test performed are described below. Where 
applicable discussion of the results obtained is dealt with under 














A cylinder of sand encased in a rubber membrane was subjected to 
triaxial stresses by incrementally, increasing the cell pressure. 
At~ach increment of stress, after a suitable time had elapsed, 
the volumetric strain was measured by means of the volume change 
device. Due correction had to be made for the expansion of the 
triaxial cell with increasing cell pressure. The procedure was 
repeated for the gravel. 
The specific volume v was plotted againsi the logarithm of Pi 
where v = 1 + e 
and ln p = 1/3 (cr1 + 02 + 03) (but cr1 = cr2 = ~3 ) (6.1) 
and the results are shown graphically in Figure 6.1 
The difference between the two samples is clearly seen. The 
sand has a flat curve parallel to the ln p axis whilst that of 
the gravel has a gentle downward concave slope. 
By applying the critical state parameters of A for the normal 
consolidation line and K for the swelling line we have. 
For the gravel : K = 0 ,008 · For the sand K = ~> oo 
A = 0,021 A. = 
It is of course realized that the swelling line will vary in 
position, but be of constcint slope, depending upon the initial 
specific volume of the sample. 
If one compares the above results with that of Vesic and Clough 
(1968), it shows that for sands at stress levels normally 
encountered within engineering usage (ie <700 kN/m2 ), loose and 
dense sands can be regarded as heavily overconsolidated as they 
lie well to the left of the normal consolidation line. The 
results obtained for the gravel are suprising as it appears as 
if one is approaching the normal consolidation line at 
comparatively low stress levels. Again, this could be a 
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would be possible due to particle breakage and consequent 
repacking of the grains. If the curves obtained are a true 
representation of the gravel compression characteristics it 
offers interesting possibilities for a possible design method 
for gravel piles. This will be discussed in a later chapter. 
Failure by reducing cell pressure 03 
An attempt was made to measure the radial and horizontal strain 
characteristics of a sand cylinder by majntaining a constant 
vertical load whilst incrementally reducing the confining 
pressure o3 • A constant load was obtained by using a specially 
adapted loading ram which enabled surcharge weights to be added 
to the ram. A simple screw device ensured that the load was 
not transferred to the sample until the screw was loosened. 
Radial strain was measured by a somewhat crude device consisting 
of graduated silver foil which was w~apped around the cylinder. 
The foil was secured to the cylinder by using very weak rubber 
bands. 
The procedure adopted during the test was to apply a constant 
horizontal stress to the sample by increasing the cell pressure. 
With the plunger in contact, but the screw thread tightened, a 
dead load was applied to the plunger. The screw was released 
and measurements of radial and horizontal strain taken. The 
cell pressure was reduced and the procedure repeated. 
Unfortunately the above procedure did not work too well as a 
sudden failure occurred only.when the cell pressure had been 
reduced to a very low value. It was thus impossible to take any 
_meaningful measurements as both the horizontal and vertical 
strains were virtually immeasurable right up to the point of 
failure. 
The experiment did however show that a sand cyljnder can sustain 
very high vertical stresses even with low confining stresses, 














To overcome the above, a modified testing procedure was adopted 
by using a conventional triaxial testing load frame. The sample 
was prepared as before and the required cell pressure obtained. 
An axial load was then applied manually, using the conventional. 
gearing of the machine, until a noticeable radial expansion had 
taken place. At this point the loading was terminated and the 
system allowed to come into eq~ilibrium. Readings of volume 
change, radial and horizontal strain and loading were then 
recorded. · The confining ce 11 pressure was then reduced in 
stages and the relevent measurements taken as before. 
In the above method the reducing of the cell pressure increased 
the radial strain and hence the vertical strain. This had the 
effect of reducing the applied load due to the stress relief 
experienced by the load proving ring. The principal stress 
ratio 03/01 was plotted against the horizontal strain (Fig 6.1q. 
and the vertical strain was plotted against the radial strain 
(Fig 6. 9. An assessment of the results is made under 
separate headings later in the chapter. 
Failure by increasing the deviator stress (01-03) 
Failure was also brought about in the conventional manner by 
carrying out a series of consolidated drained triaxial tests, to 
investigate stress path, behaviour, shape of the stress-strain 
curves, and the proportion of stress at failure related to the 
proportion of strain at failure. A more detailed discussion of 
the observations made during the tests now follows. 
6.3 STRESS-STRAIN CURVES 
There are distinct differences in behaviour between the sand and 
the gravel, with the sand having very smooth curves with ill 
defined maximum stress levels. For the gravel the curves tend 
to be more erratic due to the particles physically breaking down 
during shear, a process wh·ich is clearly audible during the test. 
The stress strain curves are. shown in Fig 6.2 and Fig 6.3 
respectively. 
If one first considers the sand, the curves follow the three 
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(1) An initial stage during which the strains are small 
(2) A range which begins when the specimen begins to yield 
and which includes the peak of the curve and the gradual 
decrease of resistance past the peak. 
(3) A final range during which the resistance is constant 
with further straining, called the ultimate condition. 
The shape of the curves suggest that the. sand can be considered 
to be loose rather than dense as there is little difference 
between the peak stress and ultimate stress. It is surprising 
though, that the samples do not appear to be heading for a common 
ultimate condition, corresponding to that of the critical void 
ratio, even though testing has continued for large values of 
strain. 
The gravel samples were tested at varying initial void ratio's 
and values of eonfininq stress~ which is reflected in the 
differing shapes of the curves. It is immediately apparent that 
the shape of the gravel curves are not as regular as that of the 
sand. (The curves represent a 'best fit' approach, and 
individual values are frequently scattered about the curve), but 
that the values of stress sustained by the sample are considerably 
higher for comparable values of confining pressure, than that of 
the sand. 
The shape of the gravel curves suggest that the gravel can be 
considered to be medium dense, even though an attempt was made to 
obtain initial densities ~~ high as possible in some cases. This 
indicates that the poor grading characteristics of the gravel 
will only allow a packing density within certain bounds 
irrespective of the externally applied compaction. This has 
relevence for stone column formation. 
In the case of the gravel there is evidence to suggest that some 












6.4 STRESS PATHS AND FRICTION ANGLE 
Stress paths were plotted, using the method adopted by Lambe 
(1967) rather than that of Schofield and Wroth (1968). As 
the tests were consolidated drained triaxial tests the stress 
paths followed were ~traight lines which were parallel to each 
other due to no pore pressures being developed. The stress 
paths for the sand are given in Fig 6.4, and that of the gravel 
in Fig 6.5. 
The stress path for the sand terminate at a well defined failure 
line (Kf line) but this is not well defined for the gravel .. 
This is to be expected after consideration of the form of the 
stress strain curves. It is thus somewhat difficult to 
establish a Kf line, and hence a consistent value for the 
friction angle. An observation made on the gravel though ~as 
that the stress paths commencing fro,m the same point 'q', but at 
different initial void ratios will follow exactly the same path 
with only the length of the path altering in each case. 
As the Kf line is not well established for the gravel, the 
friction angle <t>'can be established directly for each sample 
using the maximum values of stress reached in each case and 
applying the Mohr-Coulomb failure which states 
(6.2) 
Table 6.1 shows the. value of ct>' ·calculated in each case, as well·· 
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FIG. 6.4 EFFECTIVE STRESS PATHS FOR DENSITY SAND 
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FIG. 6.5 EFFECTIVE STRESS PATHS FOR CRUSHER RUN GRAVEL 
















qf Pf ef ¢0 
' . 146 196 0,8263 48,2 
250 350 0,8700 45,6 
302 402 0,7198 48,7 
319 469 0,7177 42,9 
339 489 0,7126 43,9 
365 515 0,7320 45,1 . 
369 519 0,7078 45,3 
The calculated friction angles obtained show that the more 
angular gravel has a high degree of interlocking, so resulting 
in higher friction values. It is therefore clear that an 
angular gravel should preferably be used for the formation of 
stone columns, rather than well rounded material such as river 
gravels. 
6.5 INFLUENCE OF VOID RATIO 
Cornforth (1964) showed that the angle of shearing resistance 
decreased as the porosity increased. With reference to 
Table 6.1 and Fig 6.6 it can be seen that for the limited range 
of initial void ratios (and hence porosity) considered, th1s 
relationship is not well established. 
The influence of the void ratio at failure on the stress ratio 
q/p is demonstrated in Fig: 6.7. The general trend is of 
decreasing stress ratio with increasing void ratio. 
The strain at failure is also strongly linked to void ratio, 
with higher strain values corresponding to larger values of void 
ratio, as shown in Fig. 6~8. This is to be expected as it is 
known that dense sands with a low void ratio fail at relatively 
low strains whilst loose sands undergo a great deal of 
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3 SAMPLE NUMBER 
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FIG. 6.8 VOID RATIO AT FAILURE v ·AXIAL STRAIN AT FAILURE 
NOTE : THE GRAVEL HAS THE GENERAL TREND OF .INCREASING e 
WITH LARGER AXIAL STRAINS, ALTHOUGH THIS IS NOT AT 
All CLEAR FOR THE SAND. IT SEEMS PROBABLE THAT SAMPLE 4 
OF THE SAND IS IN ERROR AND SHOULD CORRESPOND TO A 
VOID RATIO OF AT LEAST 0,5. 
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It is thus clear that the void ratio has a significant effect 
on the behaviour of sands with dense samples sustaining high 
stresses, but at low strains and loose samples undergoing large 
strains at vertical constant levels of stress. 
6.6 RADIAL STRAIN 
The following basic equation relates vol~me strains to vertical 
and .horizontal strains (Atkinson and Bransby) 
And for triaxial compression £2 = £3 
From consideration of the above one would expect the horizontal 
strains E2 and E3 to occur at. the same time as E1. The 
laboratory tests, however show that a certain amount of axial 
strain will occur prior to any horizontal strain. It is 
admitted that the device used for measurement is somewhat crude, 
but the consistency of the results does indicate that the 
development of horizontal strain is retarded. Also, for the 
range of strain considered, a linear relationship exists between 
horizontal and vertical strain as shown in Fig 6.9. The 
significance of the above with regards to stone columns is that 
a vertical movement will occur prior to the lateral expansion 
required to develop the passive resistan~e in the pile. 
6.7 RADIAL STRESS 
. The radial stress-strain relationship is perhaps one of the most 
important regarding the performance of a stone column. Results 
obtained were plotted with the 'y• axis forming the principal 
stress ratio g3/01 and the horizontal strain plotted on the 1 x1 
axis (Fig 6.10) 
The stress ratio for the sand lies within a very narrow band 
compared with that of the crusher gravel, 'but in both cases the 
trend is the same with higher horizontal strains at lower stress 
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lower limit of stress ratio is reached, at which point increasing 
horizontal strain occurs for a constant stress ratio. It is to 
be expected that such a point is represented by a coefficient of 
active pressure Ka within the column, and such a point would 
correspond to a bulging failure for the column. 
For the sand the mihimum stress ratio occurs at approximately 7% 
radial strain, and corresponds to a Ka v~lue of approximately 
0,25. For the gravel the Ka value is much smaller, of the order 
of 0,05 to 0,01 at a radial strain of approximately 6%. 
The implications of the differing behaviour of the two materials 
is that the sand requires a higher radial confining stress to 
prevent failure than does the gravel. -This implies that in 
weaker soils it is preferable to use material having high 
friction angles for the formation of the stone columns. 
6.8 flON DIMENSIONAL RELATIONSHIPS BETWEEN STRESS AND STRAIN 
A 11 that. has been menti one.d to. date in thi·s· chapter is basically 
a reaffirmation or otherwise of known soil mechanics behaviour, 
and presents a somewhat confused picture of stress-strain 
relationships as the laboratory results do not always conform 
with the established patterns idealized in text books. 
A new relationship between stres~ and strain is now described 
which produces remarkably consistent results which appear to be 
independent of the initial void ratio. The relationship was 
suggested by Sparks (1980) but has not been tested prior to 
this presentation. The results apply to consolidated drained 
tests. 
It was suggested by Sparks . that a relationship exists between 
the proportion of stress at failure and the corresponding 
proportion of strain. This can be visualized with reference 
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PROCEDURE : (1) DRAW IN STRESS PATHS OX, 01 X1. etc. 
(2) PROPORTION OX, eg. DY AND FIND CORRESPONDING STRAIN. 
(3) EXPRESS STRAIN AS PROPORTION OF FAILURE STRAIN. 
(4) REPEAT FOR NEW VALUE OF OY, eg.- 0,5. 
(5) PLOT RESULTS AS SHOWN IN Fig. 6.12 
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For any stress path starting at a point '0' on the P axis, 
failure occurs when the stress path reaches the point X on the 
failure line Kf. If one now considers various proportions of 
OX, such as 0,75 OX, 0,5 OX etc. and now relates the strain at 
such points to the strain corresponding to point 'X', one ends 
up with proportions of stress at failure and proportions of 
strain at failure. The geometry of Fig 6.11 is such that one 
can just as easily proportion 'q' direct. 
Results obtained for the sand and gravel are shown in Fig 6.12. 
It can be seen that the curve fit is excellent in both cases 
and shows the consistency of ~ relationship between stress and 
strain which is not apparent from the conventional stress strain 
curves of Fig 6.2 and 6.3. 
The curves can be thought of as yield lines which will be unique 
for differing materials. It is npt a yield surface as the line 
represents all possible stress states, and points cannot exist 
above or below the 1 ine. A yield surface would act as a boundary, 
but would allow permissable states of stress below the surface, 
e.g. the Roscoe surface. 
The above relationship will be incorporated in a possible des~gn 
method for ston  columns, details of which occur in a later 
chapter. 
6.9 SUMMARY 
1. For isotropic compression the relationship between specific 
volume and mean normal stress can be represented by straight · 
lines on a v : ln p' diagram. The parameters K and A 
obtained are very small. 
2. Due to particle break up under high stresses, the shape of 
the stress-strain curves for gravel are more irregular than 













3. The greater interlocking due to the angular nature of 
the gravel results in higher friction angles than that 
of the sand. 
4. The void ratio of a sample has a strong influence of 
the ultimate behaviour of the sample. 
5. A certain amount of axial strain occurs prior to the 
development of any radial strain. 
6. A limiting value of stress ratio 03/01 exists at which 
point the horizontal strain increases indefinitely for 
a constant value of stress ratio. 
7. A proportional representation between stress and strain 
at failure exists. Such a relationship is independent 
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CHAPTER 7 
THE INTERACTION OF A RAFT-PILE SYSTEM 
7.1 INTRODUCTION 
A complex interaction occurs within a loaded raft-pile system. 
The rigidity of the raft affects the load distribution to the 
piles, which in turn, affects settlement characteristics of 
the system. Various methods exist with which to analyse a 
raft.and this ~hapter briefly looks at some of them as we11· as 
the influence of the gravel piles on the raft design. 
A complete analysis of the soil-structure interaction between 
the raft and piles is outside the scope of this chapter. 
7.2 RIGID DESIGN METHOD 
In the rigid method of raft design the assumption is made that 
the raft is infinitely rigid and that a deflection will not 
influence the shape of the pressure distribution, which will 
be planar. Lee (1977) has found that a raft can be considered 
rigid if F is less than unity where : 
4 . 2 
F = .nL __ Es ( 1 - vr ) 
16(1 - vs )ErirB 
where B,L = width and length of the raft 
Es, vs = el as tic parameters of the soil 
Er,vr = ~lastic parameters 
Ir = flexural rigidity of the raft. 
(7 .1) 
For a uniformly distributed load the method implies that the 
piles will carry an equal load. However, due to the influence 
of the gravel piles, consolidation of the clay will be greater 
towards the centre of the raft.than at the edges and would result 












7.3 SIMPLIFIED ELASTIC-METHOD 
The difference in consolidation beneath the raft can be 
allowed for if a Winkler type analysis is used (Teng 1962). 
In a Winkler system the soil is considered to be an infinite 
number of coil springs which are not affected by each other. 
The spring constant is taken as the coefficient of sub-grade 
reaction k (Terzaghi 1955), which wi 11 .vary for both the pile 
and clay. For such a system however, no settlement is assumed 
to occur outside the loaded area as the springs are not connected. 
The differential equation for the deflection of a mat foundation 
is to be found in most works on structural analysis (Timoshenko 
and Woinowsky Krieger 1959, Deryck and Severn 1960, 1961) and 
is given by: 
It 
vw . = q - kw 
D 
It 
where Vw. = 
It It It . 
0 w + 20 w +o w 
-·~4 ox o~y o'+Y 
q = intensity of loading 
k = coefficient of sub-grade 
D = ri.gi.dity of mat. 
(7.2) 
reaction 
The above (eqn. 7.2) readily lends itself to a solution by 
finite difference methods (Bowles 1977), with suitable values 
-of k being assigned for the raff and pile respectively. 
Lee (1977) argues against ttie use of a Winkler type solution 
as thi:s leads to the maximum bending moment increasing with 
raft f'lexi:bili:ty, Whereas a li.near elastic method predicts 
the obser\!ed fact .. that there i"s a decrease in maximum bending 
moment wi:th increase fn raft flexi.bility. 
7.4 TRULY ELASTIC FOUNDATION 
The soil i.s assumed to be a truly elasti:c material obeying Hooke's 
law • For such an ana lysi.s settlements wi 11 occur outside the 
loaded area, un1i.ke that of a true Winkler system. An elastic 













7.5 RAFT AND GRAVEL PILES. 
. . 
An analysis of a raft supported by gravel piles has been 
undertaken by Balaam and Booker (1979), using equation 7.2 
which is rewritten to give: 
4 
V w = p/D (7.3) 
where p = qa - qr' the net load distribution acting on the raft 
qa = the pressure exerted by the applied load 
qr = the reaction pressure exerted by the underlying columns 
and soil. 
The analysis shows that the spacing of the piles influences the 
shear forces and bending moments, ·with larger spacings causing 
noticeable increases in the maximum positive bending moments, 
whilst the negative bending moment remains virtually constant. 
Also, as the pile spacing increases, the maximum shear force, 
which occurs at the soil pile interface,increases. There is· 
zero shear at the centre of the pile. 
Increasing the stiffness ratio E1 / E2 of the column and clay 
respectively increases the rate of settlement, but also increases 
the shear forces and maximum bending moment. 
' 
7.6 INFLUENCE OF THE STRUCTURE" . 
· Moments and shearing forces are sensitive to the column loads 
and the structure, raft and supporting media should ideally 
be considered as a compatible system (Hai:n and Lee 1974, Lee 
and Brown 1972, Sommers 1965), but this is considered to be 
outside the scope of this chapter. 
7.7 ~UMMARY 
1. Various methods exist for the analysis of a raft foundation, . 












2. The spacing of gravel piles influences the magni-
tude and distribution of bending moments and shear 
forces within the raft. 
3. Shear forces and bending moments increase as the 
stiffness ratio E1/E2 increases. 
4. For a complete analysis the influence of the super-
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CHAPTER 8 
CURRENT DES!~N PRACTICE 
8.1 JNTRODUCTION 
The use of stone columns in soft clays has extended over recent 
years, as has the need to form a rational design method for 
such columns. This chapter deals with three such methods, one 
uses conventional earth pressure theory whilst in another use is 
made of pressuremeter theory and finally, a sophisticated 
elastic analysis is given. Each system ~as its merits and demerits 
and wi.11 be commented on accordingly. 
8.2 EARTH PRESSURE METHOD 
Perhaps one of the simpler design approaches involves the use of 
earth pressure theory as in the design of a retaining wall (Wong 
1975). It is assumed that the horizon.tal stress distribution 
within a stone column decreases linearly with depth, and the same 
stress distribution exists in the surrounding soil. As the found-
ations settle a redistribution of stress occurs as the passive 
resistance of .the surrounding soil increases, with higher horizontal 
stresses being mobilized at greater depths. If it is assumed 
that the total horizontal force of the column is constant during the 
redistribution of stress, the ~ertical stress can be calculated· 
f o.r any degree of .settlement as th1~s depends upon the hori zonta 1 
stress .di.stri:butfon of .the column and the passive resistance of the 
son. 
I:f .the S:Qi:l - column bound:a,ry is ri_gi_d_, the horizon ta 1 stress 
d:is:tributfon i.n the column will decrease from a maxi·mum va 1 ue of 
Ka.q at the ·surface, .where Ka is the coefficient of active pressure 
i:n the column and q the vertical stress on the column. However, 
as the columns yield more load i.s transferred to the lower parts. 
It should be noted. thQ.t when equi.librium is reached the horizontal 
stress i_n the son qnd: ccilumn·must be compatible. 












would increase with depth as given by 
Ps = Kp ( q ~ + . ych) + _2cKp ~ • (8 .1) 
where Kp is the coefficient of passive earth pressure 
r is the bulk density 
h is any depth less than H, the column depth 
q6 is the vertical stress on the soil surface 
c is soil cohesion 
For small settlements the maximum passiv~ pressureiin~the soil 
should occur at the surface and be equal to : 
l 
Kp. qo + 2cKp, · (8.2) 
It has been suggested,-bY Dullage (1969) and Williams (1969) that 
increased settlement will cause the maximum passive pressure to 
decrease from the surface to a depth between two and three times 
the column radius. For large settlements it is likely that the 
passive resistance will be mobilised throughout the length of the 
column. 
Since passive stresses within the soil are in equilibrium with 
the active stresses in the column, then for sma 11 settlements 
q = '(Kp •. qo + _2cKp ~l j Ka (8.3) 
If it ts assum d that the untt total horizontal force summed over 
the whole column depth. remains constant during stress redistribution, 
then for medium settlements the _uni;t total force in the column 
can be equated' to 'the hori.zonta l force i:n the soil from the surface 
to a depth. 3a to gf~e:. 
q = { ( Kp.qo + 2cKpl ) + . 3a Kpy + ( 1-3a )}/Ka (8.4) ' . -:-2 ' -m 
and: for large settlements the horizontal forces are summed over the 
whol~;length of the column to give.: 
q = 2{ (Kp.qo + 2cKp! + 3aKp; ) + _3aKpy(1 - 3a )}/Ka (8.5) 
"2H 
from the above equati.ons the following design criteria can be 
established .• 











Ps = qAc + qoAs 
where q = (Kpq 0 + 2cKp! ) Ka 
Ac = area of column 
As = area of surrounding soil 
Ac + As = total foundation area A 
and the total ultimate load Pu: 
Pu = qAc + q~As 
(8.6) 
qo = vertical stress 
(8. 7) 
where q = 2{ ( Kpq 0 + 2cKpi ) + 3a Kpy(..1 - 3a )} /Ka . • . 2H l 
The following values of q0 have been reconunended: 
q 0 = 1,5c for small settlements 
q 
0 
= 2, 5c for medium settlements 
q 0 = 3c for 1 arge settlements • 
The above method as proposed by Wong is fairly simple in its 
application, but no indication is given as to what is a large 
or small settlement. Also, a design length for crilumns is not 
indicated, although a trial and error method would quickly arrive 
at the desired 1 ength. It i.s al so interesting to note that the 
approach i.s i:n terms of to ta 1 stress and no a 11 owance has been 
made for the bulging of the col~mn due to changes in stress . 
caused by radial consolidation, i.e. an effective stress analysis. 
·s.3 PRESSUREMETER ·ANALOGY 
A wi.dely used .design method. i.s that of Hughes and Withers (1974) 
in Which the expansion of a. stone column under load has been likened 
to that of a pressuremeter. Model tests using radiographic 
techniques have clearly shown tha.t vertical and radial displacements 
occur ·during loading, and that these rapidly di.mini'sh with depth . 
with about four column di:ameters depth being strained at failure. 
This is summarised in ftg. 8.1 <;ind. 8~2. Also, . loading of a 
column affects the area of C'lay wi.thi:n a cylinder up to two and a 













Fig. 8.1 Vertical displacement within the column 
against depth. 
RADIAL OISPLACEIAENT / INITIAL COLUIAN RADIUS 
0 5 10 15 20 25 
9·B0/o 
Fig. 8.2 Radial displacement at the edge of the . 
column/initial column radius against depth. 












greater than this distance apart can act independently. 
The expansion of a stone column has been idealised as a 
pressuremeter (Gibson·and Anderson 1961) for which the limiting 
radial stress o", · is 
+ c { 1 + 1 og E } (8.8) 
2c(1+µ) 
·where o,... : js the in-situ :lateral·:stre.ss· 
c is the.undrained cohesion 
E Elastic modulus 
µ Poisson's ratio 
This can be aprroximated to 
+ 4c "+ u (8.9) 
where u is the initial excess pore pressure 
As the column approach·es failure the 1 imiting stress in the 
column is· 
= o ...... {1 + sin¢} 
{ 1 - sin ¢} 
Substituting gives : 
'o,.. = { 1 + sin¢} { o ~. · 
{ 1 sin cf>} 
(8.10)' 
+ 4c + u} (8.11) 
The values of er,.. ... ~·or c should be the minimum that would be exp-
ected over the critical length.of the column. 
Equation 8.11 gave results that agreed closely to those observed 
in model tests. 
A comparison of various methods of calculating the radial stress 
suggested that triaxial tests or Cqmkometer results will give 
results which best fit in with those obtained from field trials 
(Hughes, Withers and Greenwood 1976). It should be noted that 












was twice that of the Cambridge pressuremeter (Camkometer). 
Marsland (1977) has shown that equation 8.8 is slightly in error 
but this does not affect the above calculations due to the 
approximations made in obtaining equation 8.9. Further details 
concerning pressuremeters and pressuremeter theory can be 
found in the work of Baguelin et al (1978). 
The critical column length can be found using a similar approach 
to that of conventional pile design as it is assumed that vert-
ical shear stress developed along the sides of the column is 
equal to the average shear strength of the soil when end-bearing 
failure is about to occur. 
Hence (8.12) 
where p = the ultimate column load 
NC = a bearing capacity factor (usually 9 for a long 
column) 
As = the surface area nDLc of the column sides of 
diameter D. 
LC = the critical length of the column 
2 
A = the column cross-sectional area nD /4 c 
c = average shaft cohesion 
c = the cohesion at the bottom of the critical length 
Settlement is calculated on the assumption that the column 
expands radially with·settlement .and retains a constant volume . . 
The soil is divided iDtO layers and the strain in each layer ~~ 
summed to give total settlement, thus: 
0 = ' 0 l + ' 0 2 + ' 0 3 + ••• 011. (8.13) 
where o"' = 2H or~ /r 
H = thickness of soil layer considered 
I 
or /r = radial strain for layer under consideration. 
'I\. 
Field trials carried.out by Hughes indicate that the above method 
for calculating failure loads and settlements gives good agree-
ment with the field trails provided the diameter of the column is 












on consideration of undrained behaviour whereas an effective 
stress solution would be more appropriate. 
In the settlement calculation it has been assumed that the vert-
ical strain is equal to twice the radial strain. Laboratory 
tests on triaxially contained sands and gravels (Ch. 6) suggest 
that this is not strictly correct. Also, the long term effect 
of drainage towards the column has not been taken into account. 
8.4 ELASTIC DESIGN METHOD 
Balaam and Booker (1979) have undertaken an analysis of rigid 
rafts supported by granular piles. In the analysis each pile 
with its area of inluence is considered to be cylindrical and 
a Young's Modulus E1 and 
assigned to the pile ~nd 
dimensionless parameters 
E1 /E2 , ~1, V2 where h 
E2, and Poisson's ratio v1 and-.N2 are 
the clay respectively. The five 
' / that are employed are small a/b, h/b, 
• __ :!~ .. ~ 
is the height of the column, 'a' is 
the stone column radius and 'b' the radius of the area of influence 
which extends into the clay. 
A finite element analysis showed that: 
i} The vertical displacement was near uniform on any 
horizontal plane and varied linearly from a maximum 
value at the surface to zero at the base. 
ii} Shear stresses developed.along the substratum were 
small'. 
iii} Surface vertical displacment, horizontal displacement 
and contact stresses are insensitive to the base 
condition. 
The analysis also showed that the initial contact stresses 
between the rigid. raft and soil is uni form over both the pile 
and soil, and that the stress state in the pile is tri~xial. 
A parametric study was undertaken to determi.ne the effects of the 












considered. The parameter h/b was not studied as a smooth base 
was assumed. The findings are listed below, and reference 
should be made to the series of graphs which have been reproduced 
directly from Balaam and ::Booker's paper. 
The effect the introduction of piJes has on the reduction of 
settlement can be seen from Fig. a.3. As the stiffness of the 
column increases relative to the clay the settlement relative to 
that of an area not treated by gravel piles decreases. This 
thus shows the effectiveness of gravel piles in soft clays to 
reduce settlements. 
A correction factor for Fig. a.3 is shown in Fig. a.4 for varying 
values of the parameter v2. It can be seen that for a constant 
E1 I E2 ratio, increasing the value of P isson's ration of the 
clay results in a decrease in vertical strain. The effect of 
consolidation upon the vertical st:ain can now be seen as the 
value of v2 changes from a fully saturated condition of v2 = 0,5 
to a lower value and.hence increases strain within the pile. 
Fig. a.5 shows that for a constant b/a ratio and a constant value 
of q, a stiffer column results in a greater stress on the column. 
This suggests that columns are more efficient if the raft is 
rigid as more load is carried by the columns. 
Upon initial loading, the clay, which is undrained, may be 
effectively stiffer than the cofumn. Howeve.r, as pore pressures 
dissipate the relative sti-f_fnesses change and the contact stress 
on the columns exceeds that of the clay. This is shown in Fig.a.6, 
It should be noted that moment and shear distributions within the 
raft would change accordingly. 
The time dependent behaviour of the raft is also analysed using 
a finite element method.applied to Biot's equations for consol-
idation. The stone columns are assumed to be infinitely permeable. 
with a soil permeabi.'lity being Kh. A time factor Th is defined 
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and the degree of settlement Us is given by 
Us = St S; 
Sf - S· l (8.15) 
; 
where st .. settlement of raft at time t 
s. = initial settlement of raft l 
Sf = total final settlement of raft 
This is compared with the average degree of pore pressure dissipation 
Up of Barron's curves, Fig 8.7 to 8.11, which are again reproduced 
directly from Balaam and Booker and show rates of consolidation 
for various de/d and Ei/E2 ratios. Differences occur in the results 
obtained by Barron due to his solutions not accounting for the 
differences in stiffness of the column and clay. The reader is 
ref ered to the source reference of B :i l aam and Booker for further 
deta i.l s . 
. 8.5 SUMMARY 
1. Three design approaches have been outlined which vary in 
complexity from a simple earth pressure approach to an 
analysis using pressuremeter theory, and finally an 
elastic analysis using numerical and analytical techniques. 
2. 
3. 
The earth pressure method is simple in its approach but 
d.oes not ta.ke time depen<:lent behaviour into account. The 
radi:al stress - s~rai:n behaviour of the pile is not 
analysed so making sett1 ement predictions difficult. 
The use of pressuremeter.theory prov.ides a reali.stic app-
roach to column desi:gn, but only relates to undrained 
condittons. · A realisti:c value for the ultimate load of 
a cci1umn ca,n thus be made with results comparing we 11 
wi:th moni:tored·.ffeld trials. Settlements, however, 
are again based' on undrained conditfons. 
4. The e1a.sti.c analysts 'has provided a useful set of graphs 
whfch predict cci'lumn behaviour when various dimensionless 












therefore be quickly undertaken. The analysis does 
however, deal with linear elastic methods and a 
suggested improvement is to use a non-linear analysis 
(Duncan and Chang 1970). 
5. From a consideration of the three design methods a 
realistic design should be obtained if the pressure-
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CHAPTER 9. 
ALTERNATIVE DESIGN METHOD BASED UPON MODEL TESTS. 
INTRODUCTION 
The laboratory testing as described in Ch. 6 has been consolidated 
to establish a design method. It is accepted that the relation-
ships established in Ch. 6 are not always perfect, but neverthe-
l~ss the design method as proposed in this chapter gives results 
which are in close agreement with other design methods, backed 
up by field trials. A di.rect comparison cannot be made as the 
materials differ but the general tre·nd suggests the validity of 
the proposed method. 
9.2 ULTIMATE COLUMN LOAD. 
The ultimate column load has been predicted using the relationship 
between the stress ratio q/p and void ratio as previously illus-
trated in Fig. 6.7. Unfortunately the curve is not well defined, 
but there is a trend of increasing void ratio at failure as the 
q/p ratio decreases. 
For calculating the column loa_d the assumption is made that the 
pile has a fixed void ratio once placed in the ground due to 
densification on placement. The.maximum ~/p ratio can now be 
read from the graph. During laboratory testing the writer found 
-
difficulty in achieving a specific volume less than 1 ,70, so 
this value was taken as th~ placement void ratio and corresponded 
to a q/p ratio of approximately 0,70. 
It is known that the ultimate load is governed by the radial 
restrai.nt offered by the surrounding soil,· providing end bearing 
failure does not occur. However, .this is unlikely if the pile 
is sufficiently long. The limiting radial stress is therefore 
required and can be obtained directly by the use of a pressure-
meter or indirectly from triaxial tests as it has been found that 












To test the validity of the proposed method comparisons were 
made with the work of Hughes et al (1976) where various design 
methods were compared with the results of a load test carried 
out on a pile. 
From the work of Hughes a value of 03 was taken as 120 kN/m2 • 
Thus: 
g = 01 - 03 where 03 = 120 kN/m2 
p 
01 + 03 (9.1) 
i.e. 01 = 680 kN/m2 
For a 0,660 m diameter column this gives a failure load of 
232 kN • This compares with a failure load of 170 kN as pre-
dicted by Hughes, with a maximum axial stress of 500 kN/m2 • 
By substituting into eqn. 9.1 this corresponds to a q/p ratio 
of 0,61. Also, the angle of internal friction of the material 
used by Hughes was taken as 38° compared with 45° for the material 
used by the writer. The results obtained therefore appear to 
be in reasonable agreement when it is considered that higher 
stresses can be sustained by material with higher friction angles. 
Hughes found that upon excavation of the trial column the diameter 
averaged 730 mm, not 660 mm. This would thus correspond to a 
failure load of 284 kN compared with that of 220 kN for the field 
column. 
9.3 LOAD SETTLEMENT RELATIONSHIP. 
The load settlement relationship can now be calculated from the 
results of the laboratory tests as sunmarised in Fig. 6.8 which 
relates the failure strain to void ratio and Fig. 6.12, the 
non-dimensional stress-strain curve. Figs. 6.7, 6.8 and 6.12 
are shown schematically in Fig. 9.1. 
Using the specific volume of 1,70 the failure strain as given by 





























FIG. 9.1 SCHEMATIC REPRESENTATION OF CURVES USED IN DERIVING 


































































































































































































































the column length. used for settlement calcul~tions is taken 
as 7,0 m. The total anticipated settlement is therefore 490mm. 
With reference to Fig._ 6.12 the maximum value of strain £a can 
be equated with the 490 mm, and proportioned accordingly, as 
can the value of q : since q = (01- 03)/2 and 03 = 50 kN. 
A complete load settlement curve can thus be drawn by varying the 
value of axial stress 01 as listed in Table 9.1. 
The load settlement curves for both a 660 mm and 730 mm pile are 
shown in Fig. 9.2. As can be seen there is good agreement with 
the results obtained using the above method and that obtained 
by Hughes and that of the field trial. It should be borne in mind 
that the results do not represent a direct;comparison as the 
material used is not the same. However, the results do indicate 
the validity of the above as a design method. 
TIME - SETTLEMENT RELATIONSHIP. 
The previous sections of this chapter have dealt with the ultimate 
load and load settlement characteristics of a gravel pile using 
the results obtained from model tests. Similarly, the testing 
.as detailed in Ch. 6 combined with the consolidation theory of 
Ch. 3 can be u~ed to establish a time - settlement relationship. 
The relevent diagrams from Ch. 6 are Figs. 6.9, showing the 
relationship between radial and vertical stress and Fig. 6.10. 
which relates the principl~ stress ratio 03/01 to the horizontal 
strain. These are again shown schematically in Fig. 9.3. 
From a knowledge of the initial horizontal stress 0 3 1 and by using 
the consolidation theory as previously outlined, a new value of 
03 1 can be found at any time interval ~t, since 03 1 changes 
due to pore pressure dissipation. By using Fig. 6.10 the radial 
strain in the pile can readily be established. 
Similarly from Fig. 6.9, for a known value of radial strain the 
vertical strain can be found. The strains can readily be converted 
to absolute measurements as both the column radius and effective 
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N.B. 
MA"TERIAL USED BY THE WRITER 
FOR LAB TESTS IS NOT THE SAME 
AS USED IN THE FIELD TRIAL. 
COLUMN DIAMETER = 660mm 
20 40 60 
COLUMN LOAD kN 
1 0 
200 220 240 
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&t TIME t -
AZ 11 l.v x L 
WHERE L •LENGTH OF PILE 













time interval 6t the vertical settlement 6z is known, so 
enabling a time settlement curve to be drawn. The sequential 
method to follow is shown in Fig. 9.3. 
The initial radial stress ro can again be found by the use of 
a pressuremeter. or from the approximation : 
ro = 2c where c is the cohesion. 
At time t > 0 the horizontal stress cr3 wi.11 be given by: 
where re.. is the limiting radial stress. 
A comparison of results cannot be made with the work of Hughes 
as the consolidation characteristics of the clay are not given. 
As previously stated, it is recommended that the average degree 
of pore pressure dissipation be obtained using Barron's curves. 
DESIGN METHOD USING CAM~CLAY THEORY. 
Alth011gh outside the scope of this thesis it is evident that the 
Cam-clay theory can be used to establish volumetric strains as 
shown in eqn. 5.7 as all of the parameters are measurable. 
However, uncertainty exists as to the measurement of A and K 
for sands, so at present this method is not seriously considered. 
The reader is referred to the work of Schofield and Wroth (1968) 
and Atkinson and Bransby (1978) for a fuller description of the 
theory. 
9.6 SUMMARY 
1. The ultimate column load can be predicted by model tests 
if the limiting lateral stress is known. 
2. The load settlement relationship can be established 
using model tests and the non-dimensional stress-strain 
curve. 












3. from model tests and using consolidation theory. 
4. It is possible that the volume changes within.a pile 















This chapter su1Ji11arises the mai.n poi.nts of the thesis and 
considers whether the objectives outlined in Ch. 1 have been 
~chieved •. Also, the writer discusses interests developed 
during the course of the work and knowledge gained from the 
study. 
10.2 ACHIEVEMENT OF OBJECTIVES 
. The aim of the thesis was to give a .basic understanding of stress-
strain behaviour of gravel piles and .to e~amine va~tous methods 
. use~ in their ~esign. Also, it was hoped that a new design method 
could be formulated. 
The stress-strain behaviour of piles basically depends upon 
the stress-strain properties of sands as detailed in Ch. 4, 
where it is clear that the behaviour is predominantly influehded 
by the void ratio of the material. This has again been demonstrated 
in Ch. 6 in tests carried out in the laboratory. The difference 
in behaviour betw~en angular and smooth material is also demons-
trated ; one being the obvious·one of the difference in measured 
friction angle. This alon~ shows the preference of using more 
angular material for a gravel pile . 
. Current design methods have been discussed in Ch. 8 and include 
the little known work of Balaam and Booker. The writer considers 
this work to be invaluable as it quickly allows a design to be 
form.ulated using the various graphs presented, as well as 
checking sensitivity of the design parameters. 
A.new design method has been formulated which differs from those 
detai.led in Ch. 8 and is based primarily upon. laboratory work 
involving the stress-strain behaviour of sand. It is believed 












than some of the other design methods. 
The writer thus feels that the objectives of the thesis 
have been achieved and it is hoped that this work can serve 
as a concise guide to ccilumn behaviour. 
10 .3 DEVELOPED .INTERESTS. 
During the course of the work three main interests were dev-
eloped by the writer, viz. three dimensional consolidation, 
critical state theory and stress-strain behaviour of sands • 
. 
The finite difference method of solving the three dimensional 
consoli.dation equations was found to be a very powerful and 
adaptable technique as it can be used for any boundary condition. 
Obviously, it can be used for one and two dimensional problems 
with relative ease and the writer.would consider such use for 
practical examples rather than confining the use for academic 
interest. A positive aspect of the finite difference method 
is that ~and computations can be used and one need not have 
access to large computers as for finite element methods. However, 
the writer can personally testify to the time consuming nature 
of the method. 
The critical state theory for soils is only briefly mentioned 
although the writer found it an·extremely stimulating approach -
to soil mechanics as it e_nables .various relationships between 
stresses,. strains and void·rati_o to be combined in a unifying 
theory. This is an area in which the writer wishes to undertake 
further research and to apply the method to more commonplace 
soi.l problems. 
The stress-strain properties of sand were found to be particul-
arly intriguing. A tremendous amount of work has been written 
on the behaviour of sands, bui these are nearly all related to 
laboratory conditions. Whilst this is of academic interest it 
has been found diffi.cult to relate such laboratory results to 
conditions in the field. It is hoped that the non-dimensional 












produced appears to be independent of void ratio. Laboratory 
tests can thus be undertaken on disturbed samples and a 
general stress-strain curve obtained. If this can be related 
to in situ void ratio (relative density) this could thus serve 
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UNIVERSin OF CAPE TOWN 
DEPAR'IMENT OF CIVIL ENGINEERING 
FINAL EXAMINATION DECEMBER 1978 
COURSE CE 500 - ADVANCED SOIL MECHANICS 
MINIMUM REQUIREMENTS FOR·COURSE : 
Part A - This written examination (Time: 3 hours 20 minutes) 
, Part B - A short project. (Dra~ Mini-regulations for Foundation Design) 
Pa~t C - A'longe~ project (On approved subject of can~idate's choice) 
i 
PART A - Written Examination 
WORK IN S. I. UNITS. ·.A choice of questions is permit~ed • Attem;Pt .as 
many questions as you wish, but note that full marks for thi!? paper will 
correspond to·lOO marks •. The marks, and an approximate guide to th(:! 
time which might be required for each question, are. indicated after 
each question. , . . 
WHEN ANSWERING A QUESTION, PROVIDE THE FORMULA WHICH IS B;EING USED; STATE 
THE SOURCE. (WITH AUTHOR) OF ANY METHOD OR OF ANY QUOTATION AND PROVIDE ANY 
SKETCHES WHICH ARE NECESSARY FOR A READER TO UNDERSTAND YOp-R·ANSWER. 
IF VALUES MUST BE ASSUMED FOR CALCULATIONS, STATE YOUR ASSUMED VALUES. 
LIST ANY IMPORTANT ASSUMPTIONS OF CONCEPT USED IN.YOUR ANSWER. 
?~ WILL BE ALLOCATED TO THE LOGICAL LAYOUT OF YOUR ANSWERS. 
FOR CALCULATIONS : Assume specific weight of water = 10 k.N/m3• 
CONVERSIONS : The following approximations can be used for converting 
ot~er units to the $~ µnits : · 
(Note that kg is not acceptable as a weight unit in S.I. unit~, but in 
certain 9ld re:ferenc;es the weight of a kilogram mass was used as a weig_ht 
unit). 
APPROKIMA.TIONS ONLY FOR THE APPROXIMATE CONVERSION OF EXISTING VALUES IN 
TABLES 
2 2 . 2 2 Atmosphere = l.)tg(wt)/cm · c:: 1 ton/ft (107 kN/m ) = 100 kN/m. 
= 33 ft of water = 10 Ill .of water ;:: 100 kPa 
= 15 lb/in2 = l bar= 2,2-kip/ft2 = 2200 lb/ft2 
l foot = 0,305 m ·1 inch = 0,0254 m 
.. l kN = 224,8 pounds 1 kip = 1000 pounds 
Im = 3,281 ft. l kg(vt) ·:::= 2,2 pounds 
lm = .+,094 yards l kg(wt) = 10 newtons 
USE; $I UNITS IN YOUR CALCULATIONS 
Marks per question: Ql 20 marks 
Q2 32 marks 
Q3 20 marks 
Q4 25 marks 
Q5 15 marks 
Q6 : 30 marks 
Q7 20 marks 
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Question· 1. 
Figure 1 shows a non-circular trial slip sur:face wP,icq has been drawn 
through a rockfill dam with a cl~y core.· 
The :factor of safety F for this slip surface must be found for the 
partial pool case shown in Frgure 1. In this particular example, the 
calculati.ons may be simplified by· assuming that _c = 75 kN/m2 and <P = 0 :for 
the clay core. Because a <P = 0 analysis is being made within .the c~ay core, 
it will not' be necessary to calculate the pore water pressures within the 
clay core. 
The angle of internal friction for the compact~d co~esionless rockfill 
is 4>' :::.43°, e~cept at the interface with the ho:rizontal rock base where the 
value of 4>' is 37°. 
Note that the zones AB, CD and EF are in the compacted rockfill (lj>' = 43°, 
c = 0) . The portion BC is -within· the clay core. The portion DE is along 
an interface between the rockfill and .the rock sub-base (<P' = 37°, c = 0). 
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Question 2. 
Two identical beams XY and YZ are hinged togetper at the point Y and are 
attacped to an elastic £oundation supporting medium, as shown in Figure 2. 
Each beam has a constant EI value througho~t its lengtQ. Th~ epds X and 
Z of the beams are free to deflect 11P or down with the supporting medium. 
4 
·,The value of.~~ f9r the system is 3,0.; where k is the coefficient of 
sub$l'ade reaction, and h is the nodal distance (See Fig.2). 
a) Consider the load system and the nodal points shown in Figure 2. Using 
finite difference approximations, derive a suitable set 9f equations from 
~hich the deflections at the nodes may be calculated. 
Tabulate this set of equations in such a m~nner that the (j.eflections at the 
seven .nodes in Figure 2 are the only unknowns in the equations. 
For this part of the quei;;tion, the solution of the taht-llated equations is 
not required. 
(15 marks, 30 minutes) 
b) By some simple ·direct method (pther than by, s9lving the equations in part 
(a) above], estimate the anticipated average settlement of the foundati~n 
system Shqwn in Figure 2. E;xpress your aJisver in terms of units of qh /EI. 
c) 
I 
(5 marks, 10 minutes) 
Use the concept of symmetry and reduce the number of equations and unknowns 
in part (a). Hence solve these equations by approximate methods or by 
direct.methods to estimate the maximum apd minimum settlements, (I~ is 
suggested that this portion be left to near the end of tqe examination). 
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Question 3. 
In this question, use the notation and sign conventions used by W.D. Means 
(i.e. in his book 'Stress and Strain' , Springer 1976, p 130 - 180) • 
a) A geological deposit is homogeneously deformed from the undeformed shape 
shown in Figure 3a(i) to the deformed shape shown in the section.in 
Figure 3a(ii) 
. F/q 3 a.Ii) 
t(;;d'ef:11r~eq _ . 




di/'ee..'tion o ~A . :A' ~---.~--~------r __ 
. J'.ha.pe.' 
C' 
The original length of line AB (which was originally horizontal) has 
~ncreased by 20 percent to the iength A'B'. The original length AD has 
decreased by 15 percent to its new length A.'D'. A 'D' and AD are both ·· 
vertical. 
Calculate for each set ( :1,. e. AB·, AD)' of the original grid lipes: 
i) The elongation £ 
ii) The stretch S _ 
iii) The quadratic elongation ~ 
iv) Th~ natural strain 'E 
· v) The angular shear tlJ 











CE 500, l978 p6. 
3 p) On page 146 of his book, W~D. Means states: 
Simple shear "is a deformation involving a non-zero strain component 
and a non-zero rotational component. It consists of a biaxial strain 
plus a rotation of the Al arid A. axes about the A2 axis of unchanged length, such that one of the ci~cular sections has the same orientation 
before and after deformation". 
With the aid of sketches explain the above statement·, and in particular 
describe what is meant ·by 'non-zero strain component', 'non-zero 
rotational component', 'Al and A3 axes', and 'c~rcul_ar sections'. 
c) The Mohr Circle for Stress is a graphical representation of the following 











However the Mohr Circle for Finite Strain·is a graphical analogy of the 
following equations: 
and 
i' = - l(A' - A1 ) sin 20' - _ .. 1 2 
With the aid of sketches and fo?'l1lulae, briefly, define the symbols 














CE 500 2 1978 p7. 
~ d) Figure 3d(i) shows portion of an undeformed section of a cylindrical 
gravel pile surrounded laterally by a soft compressible soil. This 
portion of the pile eventually shortens under vertical applied loading, 






FlQ .:S d/,) ..... 
. t.i'?de/'IH'd>ed iPo.':.7,pn ' 





Fifi .g d {t~·) 
:z>ercf-1'>?£¢. . Po/' ti o,, 
o/' tfra ve./ A'/e. . 
{i) Has the gravel material in the pile shown compressive or dilatant 
behaviour during the above deformation process ? 
(ii) Construct a Mohr Circle for Finite Strain for the above problem. 
Hence determine the elongation E and the shear strain y which has 
occurred along the line AB which was originally at 45° to the 
horizontal. For the line AB, this shear strain y c9rresponds to 
an angular shear ~- Draw a sketch·to show the meaning of~ in 
this case (for the line AB or A'B'). 
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Question 4. · 
A continuous uniform elastic beam DE is supported by the footings A, B and 





applied to the beam DE at the points F and G. · 
., 
It is known that the settlement of the footings are nonlinear functions of 
the loads applied to the footings. Typical load settlement curves for the 
footings are shown in Figure 4(a). 
a) Estimate the final settlement·s (cm) of the footings A, B and C. An 
iterative, or other ·method .may be used. For your guidance, the following 
deflection formulae may be useful: 
Deflections 
(AtoB); y = 
(B to C); 
w 
a 
Wb [ . 2 - ~ 21(1 - x) - b - (1 oEI1 
h 
(15 marks, 30 minutes) 
b) Hence draw a flow chart for a suggested method of deflection 
analysis for probiems of the type shown in FigUre 4(a) for the general 
case in which the static loads, w1 and ·w2 might not be· equal, and might be at other positions on the beam. 
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·----~ = 2fi>CJ() ""' 
.l.~ '-/4 
~ '! 2o~o l<I./ 
.L/4 
page 9. 
-3 4-.. .Z~I w.1p .. h'} 
. 4= ~ ::::2b0 ><(l!.~'-%l-
~~-+-"-"'"--!.-n"C"C::-"T'J"'"T'C:'.""J~T-::,,~.........r.:-T--t----4-.,...,.,.._,.'"T"'7"':~..--..-:~m-~--T-1"""+--T "'-' I); NI ), .... 
.L,QQ.Se. 't"t1.._. __ 
2,,,.,, x 2,.., .· ... M.u:l.~'111!!?. _____ ··-- +-----1 
· S4n.d. __ :_ __ -·· ··-- · 
~ = ..14- "'? 
.Fc_r- .. /oo-1/nq~ 4 B ~ C . : -
• . • "' J 
I -+--+--+-o . 
.. , I l" ·1 J I , ..•. I I. T ··1 . I .1 1··· '--· 
-+--1r--1-.. VerT/ca.'/ 4oa&I 017 -r:'co-r;~'1.$· · · ! 
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QUESTION 5 p 10 •. 
Two ver~ical column loads VA = 600 kN and VB = 900 kN are to be carried by a 
strap footine; (i.e. a cantilever or pumphandle foo_ting). 
The plan sections of the column &re ea~h 0,5 m x 0,5 m. Unfortunately the 
property boundary line must coincide with the outer surface of the column A, 
and all footings must be constructed within the property. (See Figure 5). 
The allowable soil pressure is 100 kN/m3 for both footings_._ The strap beam 
must not bear on the soil surface. 
a) Determine suitable plan dimensions fo~ the two fqotings. 
b) Plot the shear force and bending moment diagrams fo~ the region between 
the centres of the two columns (i.e. in the strap beam.). 
(15 marks, 30 minute~), 
OSm )II OS,.., ·-· ~. . .. ., ... -
,, l/ /I' 
' 4,.,,, 
V. = 'oo lo/ -8 - --
. ' I 
FIGURE 5 . The soil may be assumed to be v~ry compressible when 












CE 500 2 .1978 
QUESTION 6 
p 11. 
a) In yourown words, ·and with the aid of sketches briefly explain (in two 
pages) the concept of 'unordered pr<incipal stress space' and iri particular 
introduce the concept of 'failure surfaces i.e. f~ilure envelopes' _by 
discussing the results of different types of tests. 
b) A cohesionless granular material has a maximum failwe value of internal 













An element of this material is 
subjected to the principal effect-
ive stresses Si, s2 and s3. 
Find all the compressive or tensile ,val~es of Si· which are required to 
cause shear failure in the above element using : 
i) the Mohr-Coulomb theory 
ii) the Extended Tresca theory 
iii) the Extended von Mises theory 
c) In his lecture at the Roscoe Memorial Sympos~um, Prof. Bishop· seems to have 
reservations about the validity of the strict definition of critical state 
a~ used by the Cambridge workers. 
Briefly state the reasons for, and the nature of, Bishop's reservations.· 
(Quote page numbers and sources wher~ necessary). 
d) In Figure l,4(a) on page 10 of the above paper by Bishop it is often 
desirable to measure distances from the ce~tral point O'. 
Prove that the ,displacement:from O' to any point X on Figure-l,4fa) is 
principal stress co-ordinates of the stress point X. 











CE 500 1 . 1978 
p 12. 
QUESTION ] 
ln Geotechnique (September 1977), Dr V.F.B de Mello presented a paper entitled 
'Reflections on design decisions of practical significance to embankment dams'. 
Using your own words, list the most significant aspects and findings in his 
paper (quote page numbers and Figure numbers where necessary). · 
(20 marks, 40 minutes) 
I 
QUESTION 8 
Briefly (2 to 3 pages) describe how finite difference equations may ~e used 
to find the deflected shape_ and the bending moments, shear forces, and twisting 









Ra~ foundation carries applied column 
loads at positions shown. 
If possible provide your answer in flow chart form, or list the various steps. 
Provide the necessary formulae, and quote your references~-












UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
M.Sc. IN CIVIL ENGINEERING 
UNIVERSITY EXAMINATION : JULY 19?? 
CE 525 1 Coastat Hydraulics 
Al\ Questions may be attempted Time 3 hours 
Constants 
Sea water density 
Sea water weight 
= 1025 kg/m3 
10 kN/~3 = 
1. A beach site has an average underwater stope of 1 in 50, and the 
beach material is a coarse quartz sand of relative density 2 1 65 
and average size 1,35 mm, the shoreline being essentiatty straight. 
Two conditions of wave attack are being considered :-
(A}swe\\ of 10 second period with a deep water wave height of 1 1 6 m 
approaching the beach with wave -crests parattet to the shore line·. 
(B}as in (A) above, but with 1i. deep water wave incidence of 35°, 
(angle between wave crest and contour) 









the wave length and wave cel.erity in deep water. 
the water depth at which the wave begins to be affected by the 
presence of the sea bed. 
the wavel.ength, cel.erity and height for water depths at 10 m 
intervals between d=RO m and d=10 m, and at 1·m intervals between 
d= 10 m and d=1 m. 
the water depth in which the wave breaks, the breaker type, 
and the wave height at breaking. Ignore the effect of wave set 
up or down. 
the deep water energy fl.ow. 
the wave height and energy f tow in a water depth of 1 m. 
the water depth in which the sand is on the point of moving. 













mJE 525/197? 2 
For case (B) make the fottowing catcutations :-
(i) 
( j) 
the water depths in which the angle of incidence becomes 30°, 20° 
10° and 5°, and the wave heights at these depths. 
the water depth and wave height under breaking conditions. 
(assume the depth at breaking is 80 per cent of the vatue 
obtained for parattet waves) 
(k) the thrust on the mass ot water in the surf zone, per metre 
length a long the shore. (N) 
(l) an estimate or the butk sand volume ftow rate in m3/s 
. in the alongshore direction. 
2. A cytindric·a t pipe is taid on the sea bed across a harbour entrance 
in 10 m of water, the pipe diameter being 0,3 m, and the axis of 
·the pipe is paratlet to the local wave crests. If the tocal wave length 
ie 50 m, estimate the wave period, and find the peak magnitudes 
of the velocity and acceteration force com~onents per metre length 
ot pipe. Estimate the peak resultant force in the inshore direction, 
and the timing of this in relation to the passage of the wave crest. 
The wave height is 2 m, take CD = 1,2 and CM = 2,16 
3. (a) A steady wind of speed 15 m/s blows over a fetch for a period o! 
8 hours, producing a significant wave height of 1,8 m at the 
downwind end of the fetch. Estimate the fetch length in km and the 
wave period. Check whether the wind duration is sufficient for this 
condition to be stable and also check whether this is the fully 
arisen sea for this wind speed. 
(b) In a zero damage design calculation for the armour protection of 
a rubble mound breakwater, 3 tonne and 5 tonne dolosse are 
specified for the trunk and head reapectivety, the slope of the 
breakwater face being cot 6 =2. Estimate the block masses and 
block heights if tetrapode had been used in the same design. 
If the design wave height was 3 m, and a storm causes damage of 
the order 20-30 per cent to the tetrapod scheme, estimate the 
storm wave height.( concrete density= 2245 kg/m3) 
(c) An incoming swelt has crests parattet to a straight beach with 
a deep water wave height of 2 m. Estimate the horizontat force 
(per metre atong the beach) acting on the beach inside the refraction 
zone, due to the dynamic -action of the waves. 
(d) In an area where the sea bed is horizontat, and the water depth 
is 3 m, a wave has a period of 1 s, a wavelength of 38 m, and a 
wave height of 1,5 m. Estimate the drift velocity at bed tevet, 
and indicate the direction. Compare this velocity w;th the 
maximum orbital velocity at the same tevet, and indicate the 
influence on bed drift of a atrong onshore wind. 
(e) A storm at sea generates waves with a period range of 8 to 16 
seconds. The resulting swell travels towards a harbour 500 km 
away. Estimate the time intervat between the arrivat of the 












Time al lowed 
UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSl.TY EXAMINATION JUNE. 1978 
CE 534 GEOTECHNICAL SITE INVESTIGATION 
3 hours There is a potent i a 1 of 199 marks 
180 marks will be regarded as 100% 
Section 1 is to be handed in at the 
end of l! ~ours~ After this time the 
examination will be OPEN BOOK. 
PART A CLOSED BOOK 
1. Answer ~11 questions on the attached sheets, in the space.provided. 
If additional space is required the answer is to be completed in an 
Examination Answer Book where the answer must be Clearly numbered • 
. [106 ] 
PART B : OPEN BOOK 
2. Your firm has been corrrnissioned by the Cape Provincial Administration 
to· submit a memorandum detailing and justifying the ·geotechnical site 
investigations and specific geotechnical tests that should be undertaken 
preparatory to the design and construction of a large new hospital 
to be sited some 5 km north of Muizenberg. · 
The proposed structures include.an eight-storey hospital block covering 
a ground area of 20 000 m2 (for which two underground basement levels 
are to be provided), a 30 m water tower, parking areas, nurses and · 
doctors quarters and two playi_ng fields. 
At the existing site poorly vegetated sand dune remnants can be seen. 
Although the land is not directly affected by flooding from any river, 
pools of water are observed to 1 ie over many portions of the site 
throughout the winter. 
Tabulate (Use both sides of the Examination Answer Book pages to use 
the full width). 
(a) The investigations and tests you propose. (Specify the number 
of tests and proposed depth, whe~e appropriate). 













2. (c) The purpose of inves~igation or test. 
(d) The implications of not havl.ng the correct information. 
(e) The approximate cost of each investigation or test (State 
times and assumed rates where appropriate). · 
e .• g. Ci v i1 Eng i nee r 10 hrs @ R 15-00 per hr R 150-00 
Technician 20 hrs @ R 10-00 per hr R 200-00 
Labourers 40 hrs @ R 2-00 per hr R 80-00 
Drilling rig 
(inc 1 ud i.n9 opera tors) 40 hrs @ R 20-00 per hr R 800-00 
Note: Some tests can be quoted on time taken or depth -
either will be acc~ptable. 
In the absence of known rates reasonable assumptions 
must be made and stated. 
3. (a) Show by means of annotated sketches 3 situations in which the 
determination of the shear strength of the soil mass is essen-





Give 3 field methods that can be used to determine quantitative 
va I ues for in-situ shear s tre.ngth 
Briefly explain the physical basis of each of the three tests 
described above in (b) and how the results are interpreted. 
(3) 
(6) 
(d) Explain what is meant by "effective stress 11 as applied to 
partially saturated soils. Give a Mohr circle representation 
of your explanation. 
[40) 
(4) .. 
4. (a) A stereo-pair of black and white photographs is available for 
for an area composed of two different soil types (the one being 
TMS (Table Mountain Series) and the other being Cretaceous · 
(as found in the Swartkops River Valley near ·Port Elizabeth). 
Wha.t clues would you look for in the photographs to delineate 
the soil boundaries. Where possible be s'pecific. 
[ 16] 
(10) 
(b) Tabulate the steps you would take in the preparation of an 
engineering soils map of a remote area of the northern Cape. 















5. (a) Explain what is meant by a spectral signature and hence explain 
how multispectral scan data may be used in the preparation of 
maps delineati.ng specific soil and vegetation types. 
(10) 
(b) Explain why thermal imaging of ground scenes at ambient temp-
eratures is generally done in ·the 8 to 14 µm range, whereas 
fire detection is done at the shorter wavelengths of 3 to 5 µm. 
(c) Explain briefly what the fol lowing terms mean·: 
pixel 
density slicing 
spatial recti.ficatioil of imagery 
(d) What portion of the electromagnetic spectrum is specifically 
useful for imagi.ng the vigour of vegetation? 
















UNIVERSITY OF CAPE TOWN 
·,DEPARTMENT OF CIVIL ENGINEERING 
•.:_;..., . 
.',:UNIVERSITY EXAMINATION - 21st AUGUST, 1976 
./·;~~\._.'.: ·. . 
· .: . · .~. . COURSE CE 515: SURF ACE STRUCTURES 
:\""' :. :·~~ ..... · 
~ ~~·- : ~~; :f· .. 
Time attow~d: '~'.:,·~~?hours Answer both questions 
1. ~.:. '. >S:~·l __ 
. '. 






~ : . 
I-beam 
3 lm 
::- . ) j PLAN 
· .. ~ B . 'r20 mm steeL plate 
Bunt 1n11! /I 
edge :~~~i~~-~-. ___ ·:-~-·-· ~~3'---m--~_w_e_td~~~j._ 
. ,. ·: SECTION A-A 









A 20 mm thick ptate is wetded to a 'rigid framework on three sides and 
the ptate and beams are buitt into a substantiat concrete watt on the 
other side as shown. 
The properties of the steet beams and the ptate are given betow. 
The plate is subjected to a uniformty distributed toad of 10 kN/m2• 
Show att the steps necessary to anatyse this structure for disptacements 
and bending moments; 
(Hint: Demonstrate the method with a coarse grid as shown). 
Section Properties: 
Beams: E = 200 GP a 
G = 80 GPa 
. -3 4 
I= 1,7 x 10 m 
. . 3 4 
J = 0,05 x 10- m 
-3 2 A = 22 x 10 m 
Ptate: E = 200 GPa 
v = 0,3 































Longitudinal Section A-A 
Show what steps are required to determine the displacements, stresses 
and bending moments in the V-shaped portion onLy of the roof structure 
shown. 




Note: (1) There is no moment connection between the horizontal stabs 
and the V-shaped sections. 

















CE 515 - SURFACE STRUCTURES 
I -b I -va 0 
l 





0 -va -b 
! 0 -a -vb 
I 
B] ,= E 2 I (-ca+db)(-cb-da)(ca-db) ab(1-v ) I · . 
I I -b o o 
I -vb o o 
I 
I . 
J ( -Cl\-db) (-cb+da.) ( ca+db) 
I o o -b 
va b 0 0 0 
-I 
I . a: vb 0 0 0 
(-cb+da) (-cn+db) ( Cb+da) (ca-db) ( ci,..;.da) 
va 0 0 b 0 
a 0 0 vb 0 
(~cb+da)(-ca-db){cb+da)· (ca+db) {cb-da) 
• lj, •• •• "' • 
0 b ·-va 0 
-a 0 
Va 
I 0 vb a 








0 . 0 -vb O 0 -a vb a 
Where c 
~ca-1-db)(-cb+da)(ca-db) (-cb-de.)(-ca-db) (cb-da)- (ca+db) (cb+da~_J 
1 ~ v 
4 
\I 
and . d = 2' 
Stress/Disptacement Matrix for Plane Stress Rectangular Elements 


































































































































































































































































































































































UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION: JUNE 1976 
COURSE CE 506 - PROPERTIES OF CONCRErE 
Time al, 'Lowed: 3 hours 5th June, 1976 
Part A consists of fifteen mu'Ltip'Le-choice questions. Each 
question is fo'L'Lowed by five suggested answers; se'Lect the 
one which is best in each case and circ'Le one of (a), (b), 
(c), {d) or (e) for each question. This portion -0f the 
examination paper must NOT be removed from the Examination 
Room and must be handed in for marking. 
Part B consists of five questions. Answer a'Lt questions. 




In controtting the quatity of concrete produced for a project, 
a test is needed which: 
(a) gives the true strength of the material,; 
(b) gives, for variations in testing procedures, the Least 
variation in results; 
(c) gives the true strength of the specimen; 
(d) gives a c'Learty defined stress pattern; 
(e) is easy to carry out. 
In design of concrete mixes according to CP 110 Concrete 







the design strength f ; 
cu 
the design strength f p tus 1, 65 times the standard 
deviation ' o' • cu 
the design strength f ptus the standard deviation '0 1 ; 
cu 
the design strength.' f plus the coefficient of variation 
cu 'v'; 
the design strength f ptus 1,65 times the coefficient of 
variation 'v'. ru 
The most important aspect of sampling from a pre-mixed concrete 
truck is to: 
(a) protect the samp'Le from wind and sun; 
(b) obtain a representative samp'Le in order to carry out 
further tests; 
{c) ensure that the concrete is property mixed; 
(d) check the workabi'Lity and stump; 
(e) obtain a sufficient quantity of concrete to carry out 
further tests. 
















For a water/cement ratio of 0,6 by weight the use of rounded 
river grave1 in place of crushed aggregate of cubic shape and 
rough texture wi11: 
(a) show 1itt1e difference in compressive strength but 
increase f1exura:1 strength; 
(b) increase compressive strength by about 10% and atso 
increase f1exura1 ·strength; 
(c) decrease compressive strength by about 10% but increase 
f 1exura 1 strength; 
(d) increase compressive strength s1ight1y but tower f1exura1 
strength;. 
(e) decrease s1ight1y, both compressive ~d f1ex~ra1 strengths~ 
The Unit Water Method of Mix Design, described in tectures, 
suggests that the grading of the combined aggregate be made 
finer than the recommended grading when: 
(a) the maximum aggregate size is larger; 
(b) the maximum aggregate size is sma11er; 
(c) the coarse aggregate is crushed materia1; 
(d) the cement content is higher; 
( e) the cement content is tower. 
An increase in the proportion of aggregate materiat in the 
sieve range 2,00 mm to 9,5 mm (No. 8 to 3/8") wi11 tend to: 
(a) make the concrete harsh and 1iab1e to honeycomb; 
(b) make the finishabi1ity of the concrete better; 
(c) improve the economy of the mix; 
(d) increase the amount of water required; 
(e) reduce the amount of water required. 
The addition of an air entraining agent to a concrete mix 
usua11y Leads to: 
(a) a more economica1 mix; 
(b) a stronger concrete; 
(c~ a decrease in the required sand percentage; 
(d) a decrease in cement content; 
(e) a denser concrete because of improved workabi1ity. 
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In the Unit Water Method of Mix Design, described in l.,ectures, 
the estimated water content for a particutar stump is fixed by: 
(a) the maximum size of the aggregate; 
(b) the grading of the aggregate; 
( c) the shape of th~ aggregate; 
(d) (a) and (b) above;' 
(e) (a) and (c) above. 
Capi ttary water in hydrated cement paste is: · 
(a) water hetd in areas of restricted adsorption of the get 
structure; 
(b) water occupying space beyond the range of surface forces 
of the sotid phase of the get structure. 
(c) water existing in cavities and channets up to 100 times 
greater than the size of get pores; 
(d) both (b) and (c) above; 
(e) water chemicatty combined such that .it is part of the 
sotid matter in the hardened paste. 
P"Lastic shrinkage of concrete is caused by: 
(a) remova t of capi t"Lary and get pore water;· 
(b) the absorbtion of mixing water by porous or dry aggregates; 
(c) sedimentation and settling of sotids in the concrete mix; 
(d) bteeding of free water to the top surface of the concrete 
where it is often l.ost by evaporation or drainage; 
(e) att of (b), (c) and (d) above. 
The secant e"Lastic modutus of concrete is increased by: 
(a) increased water:cement ratio and increased paste content; 
( b) cons_tant water: cement ratio and increased paste content; 
(c) increased water:cement ratio and decreased water content; 
(d) constant water:cement ratio and air entrainment; 
(e) decreased water:cement ratio and decreased paste content; 
Decreasing the water/cement ratio inftuences the uttrasonic 
putse vetocity because: 
·(a) poor compaction Leads to voids; 
(b) a decrease in the density causes the putse vetocity to 
increase; 
(c) an increase in strength (due to a towering of the water 
cement ratio) causes the putse vetocity to increase; 
(d) an increase in the density causes the putse vetocity to 
increase; 
(e) an excess of paste causes the putse vetocity to decrease. 











CE 506 - EXAM, 1976 
Question A14: Rapid Hardening Portl,and cement can be manufactured by: 
(a) more finely grinding the Portland cement; 






(c) intergrinding some high alumina cement with the Portl,and 
cement; 
(d) both (a) and (b) above; 
(e) alt of (a), (b) and (c) above. 
Question A15: Excessive bleeding of concrete can be corrected by: 
(a) adding more cement; 
(b) adding crusher dust or other fine material; 
(c) by air entrainment; 
. (d) both of (a) and (b) above; 
( e) at t of (a) , ( b) and ( c) above 
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(1) You have two mutually exclusive investment opportunities, 
both of which .have a life of 3 years with no salvage 
value. Both cost Rl20,000 and produce revenues as shown 
in Table 1. Bob, one of your analysts; has calculated 
the NPV at your cost of capital (10%) and selects B on 
the grounds of a higher NPV. Andy, another analyst, 
has selected A on the grounds of a higher IRR. 
(a) Are they correct? 
(b) If so, why do they differ? 
(c) What is your recommendation. 
TABLE l .·t 
INVESTMENT INVESTMENT 
' . 
A B - -
Cost 120,000 .120,000 
Revenue Year 1 100,000 10,000 
Year 2 50,000 60,000 
Year 3 10,000 110,000 
.. 
(12 MARKS) 
(2) Your Swazi client has negotiated a E6,000,000 interest 
free loan to construct a teaching complex and has appointed 
you to head the project management team. An architect has 
been appointed to design th~ facilityand you are to provide 
him with a budget_ f igu_re · within which to work. ' -
You expect the design pha·se to .take 9 months, documentation 
and tendering 3 months and construction 12 months. The 
lending authority will make payment against your interim 
valuations as the work progresses, but will under no 














(a) Make and motivate all necessary 
assumptions. 
(b) Calculate the design budget figure on 
the basis that the architect's knowledge 
of costs is probably 3 months. old. 
(3) A major employer is proposing to introduce the escalation 
formula described in Appendix 1. 
(4) 
Critically examine: 
(a) The differences between the proposed 
formula and other existing formulae. 
(b) The proposed indices, their applicab-
ility and desirability. 
(c) The proposed coefficients. 
(d) The proposals potential for accuracy 
relative to other formulae. 
(e) The need and desirability for a major 
employer to develop his own formula. 
(20 MARKS) 
The life of an item of equipment may be described in any 
of the following ways: 
-, Ownership life. 
Physical life. 




Economic life. \, 
Useful life. 
Define each period with particular regard to the manner 
in which the period is assessed and/or the factors which 














(S)· A proposal has been made that a new piece of equipment 
be purchased this year. Characteristics of the purchase 
plan are given in Table 5.1. Calculate the before tax IRR. 
(use i = 12 and 15) • -If the effective tax rate is 40% 
and if wear and tear allowances are granted on a straight 
line basis over 5 years, calculate the after tax IRR. 
(use i = 7 and 10). 
TABLE 5.1 
p = R50,000 
sv = 0 
n = 5 years 
Expected income ·= 28,000 - l,OOOk (k = 1, 2, .j I 
Expected 
disnursements = 9,500 + 500k 
(12 MAHKS) 
4, 
(6) une phase of a meat-packing operation requires the use 
5) 
of separate machines f r the following functions: pressing, 
slicing, weighing, and wrapping. All machines under 
consideration are expected to have a life of six years 
with no salvage value. Their first cost and annual costs . 
are given in '!'able 6 .1. 
la) If different machines can be selected from 
different manufacturers ana if the company's 
Minimum Attractive Rade of Return is 20%, 
aetermine which separate machine should be 
selected ror each function (identify them as 
Pressing i', .Pressing i, Slicing 1, etc. J 
(b) For the machines selected in part (a), aetermine 
the total investment and operating cost for the 
entire operation. 
Another alternative is one large machine to do the 
pressing ana slicing and another large machine to do 
the weighing and wrapping. The machine that will do 
the· pressing ana slicing (identif iea as Pressing-
Slicing 3) will cost R29,000 and will have an annual 
operating cost of R9,000. The machine that will do 
· the weighing and wrapping (identified as Weighing-Wrapping 3.) 














(c) Which machines should be selected for tne 
entire operation? 
(d) Determine the total investment and operating 
cost for the entire operation. 
(e) It a single machine is to perform all four 
functions {identified as Machine 4j having. 
an initial cost of R45,0u0 and· an annual 
operation cost of R32,000 is available -
which machine{s) should be seiected? 
TABLE 6.1 
SUPPLIER l SUPPLIER 2 
First cost Annual cost. First cost Annual cost 
~res sing R5,000 R13,000 RlO,OOU Rll,000 
Slicing 4,000 10,000 17,uOO 4,000 
Weighing 12,000 15,00U 15,000 13,000 
Wrapping 3,000 9,000 11,000 7,000 
(20 MARKS) 
(7) The ca.sh Flow approach to capital consumption cost 
recognises an outflow (C) at the e'nd of year 0 and 
an inflow (C'-) at ·the end of the assets life {~yrs). 
The annual capital consumption cost tnus becomes 
C. (A/P i~) - CL. (A/F iJ.) 
~stablish the relationsnip between this expression and 
expressions which provide for a sinking fund plus profit 
on initial capital or which provide for capital recovery 














CONTRACT PRICE ADJUSTMENT SCHEDULE 
. ·FOR USE WITH 
GENERAL CONDITIONS OF CONTRACT 1972 AS AMENDED (1978) 
Note: further proposed amendments indicated by ruling in margin. 
J. ln accordance with Sub-clause 70(2) of the General Conditions of 
Contract, the value of each certificate issued in terms of Clause 62 
of the General Conditions of Contract shall be increased or 
decreased by the amount obtained by multiplying "Ac", defined in 
Clause 2.0 hereof, by the Contract Price Adjustment Factor 
determined according to the formula: 





in which the symbols have the following meanings: 
+ e'SMt l SMo - I 1 
I.I "x" shall be the proportion of the "Ac" which is not subject to 
adjustment. Unless otherwise stated in the Appendix to the 
Tender, this portion shall be 0,35. 
1.2 "a", "b",- "c", "d", and "e0 shall be the co-effici.ents 
determined by the Engineer and stated in the Appendix to the 
Tender, which are deemed, irrespec.tive of the actual constituents 
of the work, to represent the proportionate value of, respectively, 
labour, plant, materials other than special materials, fuels 
and lubricants, and special materials specified in terms of sub 
clause 70 (3) of the General Conditions of Contract in the 
appendix to the tender. The arithmetical sum of "a"• "b"• "c"• 
"d" and "e" shall in all cases be unity. 
1.3 "L" shall be the L.J.bour Index and shall be the ''Wa~e Rate Index 
- Civil Engineering (Weighted Average for all Provinces)" 
published by the Department of Statistics. 
J.4 "P" shall be the Plant. Index and shall be the weighted average 
of the Price Indices of "Construction Machinery (excluding 
trucks)" and of "Trucks", as published by the Department of 
Statistics. The weightin& ratio shall be determined by the 
Engineer and stated in the Appendix to the Tender. Unless 
otherwise stated in the Appendix the Tender, the ratio shall be 
"Construction Machinery (excluding trucks)" to "Trucks" 2:1. 
J .5 "M'' shall be the Materials Index and shall be the "Wholesale 
Price Index of Materials used in Building and Construction", as 
published by the Department of Statistics. 
J .6 "F" shall be the Fuel Index and shall be the ''Wholesale Price 
Index of Selected Materials - Diesel Oil Witwatersrand", as 















1.7 "SM'' shall be the su:n of. the costs of all the Special Materials 
used in the works calculated by multiplying the agreed rate or 
price of each materi~l by the nett quality of material measured 
up to the date of price change or during the period to which 
the payment certificate relates. 
1.8 The suffix "o" denotes the basic indices applicable to the base 
month, which shall be the month in which falls the closing date 
for the Tender. 
1.9 The suffix "t" denotes the current indices applicable to the 
month in which the work was perf onned in accordance with the 
contract, as indicated in the relevant certificate. 
I.JO If any index relevant to any aprticular certificate is not 
known at the ti.me the certificate is valued, the value of such 
.. index shall be es ti.mated. · 
For the purposes of calculating the adjustment to the value of the 
relevant certificates, the amount "Ac" shall be determined by the 
formula: 
Ac lb T s D E Ap 
in whicl1 the symbols have the follow~ng meanings: 
2.J "T" shall be the total value of Preliminary and General Items, 
work done and materials on site as certified in the c~rtificate 
under consideration before the deduction of any retention 
monies, penalties or repayment of advances and before any 
adjustments made in terms of this Schedule. 
2.2 "S" shall be the aggregate of (i), (ii), (iii) and (iv) 
referred to below and included in "T": 
(i) the amounts actually expended and substituted for any 
P.C. amounts; 
(ii) the value of any work done by nominated Sub-
contractors; 
(iii) the value of any work done against provisional sums; 
(iv) the value of any extra or additional work 
where special arrangements for price adjustments in respect of 
those amounts were made a~d recorded at the time the work was 
ordered. 
2.3 "D" shall be the value of work inciuded in "T" done at new 
rates fixed in terms of Sub-clause 52 (1) and (2) of the 
General Conditions of Contract, where those rates are not based 
on labour, plant or materials costs in force at the time of 
tendering. Such values arising from new rates shall be shown 
separately and escalated on the same formula as above, but with 
the new relevant base date, which shail be the date on which 













2.4 "E" shall be the amount paid for any work executed at cost plus 
-percentage allowances as set out in Sub-clause 52(4) of the 
General Conditions of Contract. 
2.S "Ap" shall be the sum·of ·"Ac" amounts determined in terms of 
2.0 hereof for all certificates preceding in time the certificate 
under consideration. 
3. The costs of special materials arc to be determined thus: 
3.1 The base price or rate is to be listed by the tenderer in 
Annexure G. 
3.2 The term "cost to the contractor on site" shall mean the 
merchants selling price on a 30 day basis, less the normal 
trade discount, if any, allowed to ·the Building and Civil 
Engineering industries. The Contractor shall consult with the· 
Employer prior to ordering materials listed in Annexure G and 
make every effort to secure such materials to the best 
advantage of the employer. 
3.3 Claims for cost increases to the base price shall be supported 
by invoices, quotations, etc., and·certificates signed by the 
Contractor's auditor, all at the Contractor's expense. 
4. Save only for additional work.or variations ordered to be carried 
out after the due date for completion, the Contract Adjustment 
Factor to be applied to certificates relating to work done or 
materials supplied after the due date for completion, shall be half 
the factor calculated by nserting in the formula ref erred to in 
l.O, the indices, Lt, Pt, Mt, Ft, and SMt applicable at the due date 
for completion •. 
5. Any claim resulting from the application of the above formula shall 
be calculated monthly and submitted monthly, but in any event the 
last claim shall be submitted not later than thirty days after the 
















'SPECIAL MATERIALS - "SM" 
'(REF. SUB-CLAUSE 70(3) OF THE CONDITIONS OF CONTRACT) 
Cost price/unit (on site) 
(Note: If necessary due to 
, . : inadequate space, a price 
list of the detai.led sizes, 
etc., for the respective 
items as reflected hereunder 





(Examples given below. Include only items 
representing the major materials content . 





Mild Steel Reinforcement 
High Tensile Steel Reinforcement 
Mesh Reinforcement 
Q.C. Steel Centering 
Holding down bolts 
Bitumen road surfacing products 
Q Salt glazed pioes and fit tings 
Concrete pipes 
·Mild Steel pipes and fit tings 
Fencing mateials 
DATE: 
Annexure G. L 8 DEC '~~9 
SIGNATURE OF TENDERER 
